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INTRODUCTION
The quality of antibodies has been recognised and discussed 
at the conceptual level since the times of Ehrlich, but the lack of 
simple techniques of measurement has had two consequences. In 
practical immunology, this parameter is more often than not ignored 
and the therapeutic potency of a serum is not fully described; in 
theoretical immunology, although recognised, this parameter has not 
been measured in natural antigen-antibody systems, and its relevance 
to the current theories of antibody production not fully realized.
This thesis sets out to study this problem on the influenza 
virus-rabbit antibody system. The law of mass action is applied to 
virus-antibody interaction, and techniques are developed for 
measuring all the parameters entering the reaction. These and 
several classical methods are used then side by side to follow the 
changes in quantity and quality of antibody when rabbits are vac­
cinated by different routes and schedules.
I THE ANTIBODY RESPONSE
By the  tu rn  o f t h i s  c e n tu ry , the  foundations had been la id  
fo r  th e  s tudy  of th e  immune resp o n se  to  in fe c t io n  or in o c u la tio n  
w ith  an tigens*  The s ta t e  o f knowledge a t  th a t  tim e may be 
summarised th u s :
(1) Adequate a n tig e n ic  s tim u lu s  of an animal le ad s  to  th e  
appearance of a n tib o d ie s  in  th e  blood and o th e r  body f lu i d s ,
(2) The a n tib o d ie s  so produced a re  s p e c if ic  fo r  th e  s tim u la ­
t in g  a n tig e n .
(3) The response Is produced by the  t i s s u e s  of th e  anim al, 
and runs a w e ll d e fin ed  course i n  tim e.
(4) A n tibod ies so produced a re  a s so c ia te d  w ith  a s ta t e  
of immunity.
(5) This im uunity i s  not tra n s m itte d  from p a ren t to  
o f f sp r in g  accord ing  to  th e  law s of in h e r ita n c e .
These o b se rv a tio n s  were made over th e  l a s t  te n  y ears  of th e  
19th c en tu ry , and i t  i s  r a th e r  s u rp r is in g  how l i t t l e  has been 
added to  them i n  th e  fo llo w in g  s ix ty  y e a rs . New techn iques such 
as ra d io a c tiv e  t r a c e r s ,  th e  u se  o f io n iz in g  r a d ia t io n s ,  and 
f lu o re s c e n t an tibody  have g iv en  us g re a te r  und ers tan d in g  of 
where and a t  what tim e an tibody  i s  formed, b u t th e  a c tu a l 
mechanism of sy n th e s is  o f an tib o d y  -  and f o r  th a t  m a tte r a l l  
p ro te in s  -  i s  s t i l l  one of th e  g re a t problems fa c in g  b io lo g y  today .
D iffe ren ces  in  th e  q u a l i ty  of antibody were a lso  recognized
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a t  th e  end of the  19th c en tu ry , bu t t r u l y  fundam ental work on 
an tig e n -an tib o d y  com bination cou ld  be a ttem pted  only  a f t e r  i t  had 
been  dem onstrated th a t  b io lo g ic a l  systems y ie ld e d  to  a n a ly s is  by 
thermodynamic methods*
Our knowledge of what we now c a l l  humoral a n tib o d ie s  s t a r t s  
w ith  th e  d iscovery  of a n t i to x in  by Behring and K ita sa to  (1890). 
They showed th a t  th e  immunity of mice and r a b b i ts  which had been 
t r e a te d  w ith  te ta n u s  c u ltu re s  depended on th e  c ap a c ity  o f t h e i r  
serum to  ren d e r innocuous the  to x ic  substances e lab o ra te d  by 
th e  te ta n u s  b a c i l lu s .  When th e se  se ra  were in je c te d  in to  o th er 
anim als th e y  s p e c i f ic a l ly  p ro te c te d  them a g a in s t ch allen g e  w ith  
th e  to x in .  Normal serum had no such e f f e c t .
Soon a fte rw ard s  i t  was found th a t  the  a b i l i t y  of the  animal 
body to  produce a n t i to x in s  i s  a g en e ra l phenomenon and ho lds f o r  
p la n t ,  as w ell as b a c te r ia l  to x in s . The re sea rc h es  of E h r lic h  
a re  of g re a t  im portance to  immunology, bo th  in  d e fin in g  the  
p r in c ip le s  of q u a n t i ta t iv e  a ssay  (1898), and in  s o r t in g  out th e  
k inds of immunity (1892). His s tu d ie s  o f th e  an tibody  response 
(1891), and h is  Croonian le c tu re  (1900), "On Immunity w ith  
S p ec ia l R eference to  C ell L ife"  fo rm u la tin g  one o f th e  e a r ly  
th e o r ie s  o f an tibody  p ro d u c tio n , rem ain th e  bases of many 
c u rre n t v iew s.
The g en era l f e a tu re s  o f th e  an tibody  response were c le a r ly  
shown by von Düngern (1903), who observed th e  lag  o r  in d u c tiv e  
phase , th e  subsequent r i s e  to  a peak over th e  fo llo w in g  days, and
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then a slow fall. The inductive phase was shorter after a 
second injection of antigen, the rate of antibody formation and 
the peak titre higher, while the duration of antibody formation 
was longer. He also noted that the response of the animal was 
about the same regardless of whether the later stimuli were 
applied when the antibody was still detectable, or after it could 
no longer be demonstrated in the blood.
The Primary Response.
Glenny and Sudmersen (1921) showed that there was a consid­
erable difference between the response to an initial dose of 
antigen given to a normal animal, and that given after basal 
immunity had been established. They distinguished these two 
types by the terms '‘primary response" and "secondary response", a 
difference already evident in the work of von Düngern (1903).
Thus injection of an antigen into a normal animal is followed not 
only by the production of antibody, but also by an increased 
ability to respond to subsequent injections. This condition of 
"potential immunity" was described by Glenny (1925). At the 
limit, injection of an antigen may not be followed by detectable 
antibody production, but the increased ability to respond to 
subsequent injections is still manifest.
Antigens which can induce a measurable antibody response 
vary greatly in origin and composition; they include almost 
every organic substance of high molecular weight and cover also
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an extensive range of organic and inorganic substances of lower 
molecular weight if these are conjugated to proteins to act as 
antigens. The antibody response to such a variety of sub­
stances may be expected to vary, as well it does, but its 
essential features are still detectable.
The primary response may be divided into three phases: the
inductive period, the period of antibody increase, and the period 
of decline. The nature of each phase varies greatly with the 
antigen, its state and dose, with the host animal, with the 
technique of immunization and the technique of assay, and with 
other less well defined factors.
Appearance of antibody does not follow immediately the 
injection of antigen, as already noted by Ehrlich (1891) when 
preparing antitoxin against ricin in mice. For the first 4 days 
there was no detectable immunity, and when it became evident on 
the 5th day, it coincided with the appearance of antitoxin in 
the blood.
The inductive phase was observed to vary from 10 days to 
9 weeks for diphtheria toxin in the guinea-pig (Glenny and 
Sudmersen, 1921) but was usually three weeks. For pneumococcal 
immunity in the rabbit it was 2 to 4 days (Armstrong,1925). Bur­
net and Fenner (1949) have observed that the inductive phase for a 
number of antigens in the rabbit may vary from 2 to 5 days for 
rickettsial agglutinins, 7 days for herpes neutralizing antibody,
3 to 4 days for bacteriophage C16 neutralizing antibody, and
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from 8 to 13 days for staphylococcal antitoxin. A very short 
inductive phase has been claimed by Nunes (1950) for guinea-pigs 
inoculated intravenously with type I pneumococcus; agglutinins 
were detected five hours after inoculation. This observation, 
made in a well-studied system, is contradicted both by earlier 
and subsequent work, and is perhaps best explained by assuming 
previous exposure of the animals to the same or a related 
antigen.
Exposure of animals to X irradiation 24 hours or more 
before antigen injection decreases both their ability to form 
antibody and the rate at which it is formed, but the most signi­
ficant feature is the increase in the length of the induction 
period. The increase is proportional to the X-ray dose (Talia­
ferro and Taliaferro, 1954; Makinodan and Gengozian, 1958). The 
abnormal length of the induction period is claimed to rest on 
radiation damage and inhibition of cellular division. This is 
not the full explanation, as antigen injected immediately before 
or after irradiation will induce normal amounts of antibody 
production (Kohn, 1951).
Taliaferro (1957) divides this phase of the response into 
two periods:
(l) the very short preinduction period, during which some neces­
sary event takes place to initiate the rest of the process. This 
is the stage when the antigen, or antigenically active fragment 
(Campbell and Garvey, I960) makes contact with the antibody
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producing cell*
(2) the induction period proper, in which the antibody-synthe­
sising mechanism is developed.
This division is based upon the effect of X-rays on early anti­
body production in the rabbit. The pre-induction phase is 
highly radiosensitive, whereas total body irradiation at a stage 
just before antibody production, will markedly retard the appear­
ance of antibody in the serum, but the amount of antibody is not 
reduced and may actually be above normal in amount.
The inductive phase ends with the appearance of detectable 
antibodies. These rise to a peak or plateau and then slowly 
decline. The peak may be reached in from 2 days to 2 months, 
depending on the antigen and the other factors mentioned.
The distinctive characteristics of the primary antibody 
will be dealt with in the experimental section, and the general 
features of the phases of production and decline will be con­
sidered with the secondary response.
The Secondary or Anamnestic Response.
Anamnesis, the ability to recall previous experience by way 
of a response that is enhanced both in rate and extent, is the 
distinguishing feature of the secondary response. This ability 
to recall persists for a very long time after the primary 
stimulus, even when antibody is no longer demonstrable. The 
course of the anamnestic response may be divided into the
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negative phase, the inductive phase, the phase of rapid increase, 
and the phase of slow decline.
The negative phase was first noted by Brieger and Ehrlich 
(1893) when examining the antitoxin content of milk of a goat 
immunized with tetanus toxin. Shortly after the reinjection of 
antigen there was a sudden temporary decrease in the antitoxin 
titre in the blood. This phase is of variable magnitude and is 
not observed unless the existing antibody levels are still high. 
Even then the reduction may not occur, and seems to depend on 
repeated injection of large doses of antigen (Dean and Webb, 1928 ). 
There have been two theories put forward to explain this phenom­
enon. The first is that the combination between injected antigen 
and circulating antibody will cause a sudden decrease in the 
circulating antibody. The second is that the injection of 
antigen may cause massive oedema, leading to depletion of body- 
fluids and consequent dilution of the plasma (Ramon et al., 1929). 
Since the combining ratios of antigen and antibody are such that 
several grams of a toxin would be required to bind an appreciable 
portion of circulating antibody, the first explanation is diffi­
cult to accept. The second possibility may play some part in 
the case of toxic antigens but little or no oedema is observed 
with non-toxic antigens. Until the phenomenon of the negative 
phase is studied in greater detail, and while its mere existence 
remains questionable, there is no great point in trying to take
sides in this matter
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The duration of the inductive phase is very brief in 
animals still synthesising antibody as a result of the primary 
stimulus but can be studied in animals showing no detectable 
antibody,
Burnet (l941a)has emphasised a distinguishing feature of 
the secondary response that is especially obvious when the anam­
nestic dose of antigen is given intravenously. He observed 
that antibody increased exponentially with time in rabbits res­
ponding to staphylococcal toxoid, herpes virus, and bacterio­
phage, The secondary response is, however, not always logar­
ithmic, as evidenced by Burnet and Freeman's (1938) observations 
on rickettsia. In this case, as with specific carbohydrates of 
pneumococcus (Heidelberger, et al., 1946), there was no detect­
able secondary response. Logarithmic curves may be fitted to 
some sets of observations, but, generally, the response curves 
are not accurate enough and vary greatly depending on animal, 
antigen, and many other variables.
Whether the sudden increase in antibody is due to release 
of antibody stored in the tissues or to newly synthesised anti­
body, has been debated for some time. Holt (1950) explained 
the increase by release of antibody stored from the primary 
response. His belief was based on the geometry of the primary 
and secondary response curves of guinea-pigs immunized with 
diphtheria toxoid. The hypothesis has been tested more appro­
priately by the injection of radioactively labelled amino acids,
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during the secondary response. The early work of Green and 
Anker (1954) in this field suggested that up to 30rfo of antibody 
was stored and liberated later, whereas the more carefully 
controlled experiments of Taliaferro and Talmage (1955), 
Taliaferro and Taliaferro (1957), Richter and Haurowitz (i960) 
show that little, if any antibody is stored in the tissues for 
later release. The experimental results of Garvey and Campbell 
(1959) are not in full agreement with the above workers, they 
maintain that a small proportion of antibody is stored in the 
tissues and released on subsequent injection of antigen. The 
results are compatible with some antibody being stored in the 
tissues, but show that the bulk is synthesised de novo,
Burnet and Fenner (1949) explained the increased antibody 
production by multiplication of the entity concerned with anti­
body formation. Secondary antigenic stimulus is followed by 
the appearance of increasing numbers of plasma cells containing 
antibody, at the sites of production (Fagraeus, 1948; Coons 
et al,, 1955). These results indicate that the numbers of 
cells producing antibody are increasing. The increase in anti­
body titre from such cells may be enhanced to some extent also 
by an improvement in the quality of secondary antibody (jerne, 
1951),
The rate of antibody decline is dependent on the rate of 
antibody synthesis on the one hand, and on the rate of antibody 
katabolism on the other (Koshland and Englberger, 1957), The
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time taken for antibody to fall to a non-detectable level depends 
on the physical and chemical nature of the antigen and on the 
animal. The biological half life of antibodies in small animals 
with high metabolic rates is in general, shorter than in larger 
animals.
The estimated half life of homologous antibody in the 
mouse is about 1.5 days, whereas homologous antibody in the 
rabbit has a half life of 5.5 days (Dixon and Weigle, 1957). 
Antibodies with different molecular weights can have different 
rates of metabolic decay even though they were formed simultane­
ously in the same rabbit. Forssman type antibodies in isbbits 
immunized with sheep cell stroma have a half life of 2.8 days 
(molecular weight c.a. 900,000) while the smaller antibodies 
(molecular weight c.a. 170,000) have a half life of 6.5 days 
(Taliaferro and Talmage, 1956).
Studies by Schoenheimer et al. (1942) on incorporation of 
15N glycine during the period of antibody decline showed that 
the antibody was being synthesised constantly although at a 
declining rate and that the rate of simultaneous breakdown 
exceeded that of synthesis.
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II, FACTORS AFFECTING THE ANTIBODY RESPONSE
It has been known since the time of Behring and Kita3ato 
(1890) that many factors influence the antibody response, and 
until very recently the effects were interpreted as changes in 
quantity only. Today it is recognized that most of the factors 
bear on both quantity and quality of antibody formed. In this 
section the causes of variation will be surveyed, and in the 
next, the consequences.
The Host Animal.
Animals such as the horse, cow and pig produce antibodies 
that are either of high (c.a, 900,000) or lower (c.a. 170,000) 
molecular weight, while rabbits, monkeys and man produce anti­
bodies that are predominantly of the smaller kind. Yet, there 
is no significant difference in the antibody response of all 
these animals to stimulation with non-replicating antigens. 
Greater variation however, occurs between mammals and birds.
For example, the fowl gives higher titre antiserum to diphtheria 
and tetanus toxoid when injected intravenously (Watanabe, 1939) 
whereas the guinea-pig gives the highest titre antiserum to these 
antigens when injected subcutaneously (Beil et al., 1935).
All animals in the same genus do not respond in the same 
way to infection or vaccination (Carlinfanti, 1947); several 
workers have indicated that inbred strains of animals differ in 
their capacity to produce antibodies (Culbertson, 1935), and
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strain differences have been shown to occur in mice and in 
rabbits (Webster, 1946; Marshall and Fenner, 1958). The recent 
observations of Schell (i960) show that the inbred strain £57 
Black mice are more resistant than "stock" outbred mice to ectro- 
melia virus infection because of heritable differences in the 
rate of antibody production. C57 Black mice produce antibody 
earlier than the "stock" mice. The ability of some animals to 
show a greater primary or secondary response than other animals 
of the same species has been shown to be heritable (Sobey, 1954; 
Sobey and Adams, 1955; Claringbold et al., 1957; Sobey and 
Adams, 1961).
The age of the host animal is also an important feature when 
studying the antibody response. Young animals do not respond as 
well as adult animals to antigenic stimuli (Freund, 1930) and 
the studies of Billingham et al. (1953) established the existence 
of a "tolerant state". In mice, rabbits and chickens the 
tolerant state exists for a short time after birth, when animals 
do not recognise many antigens as foreign and do not produce 
antibodies to these antigens following injection, as they would 
normally do later in life. The length of the tolerant phase 
during early life varies from animal to animal; some, such as 
the human infant are born immunologically mature and show virtu­
ally no truly tolerant state although the rate of antibody format 
tion may be slower than in adults.
Following the early tolerant phase, all animals slowly
-13-
develop the capacity to respond to antigenic stimulation by anti­
body production, and in later life there is no significant rela­
tionship between age and antibody production. The early work 
of Baumgartner (1934) suggested that the quality of antibody from 
young rabbits (4 to 7 weeks) was poorer than that from adult rab­
bits (6 to 13 months) but the methods of measuring quality were 
inadequate and the studies of Jerne (1951) could show no differ­
ence between the quality of antibodies from young or old animals.
Bose of Antigen.
In general, there is a certain minimal dose of antigen be­
low which detectable antibodies will not be formed. Above this 
value the titre obtained varies with the dose administered, but 
in such a way that the increase in titre is much smaller than the 
increase in dose required to produce it. Eventually a state is 
reached when further increase in dose yields a proportionally dim—  
inishing return, and under certain conditions may actually decrease 
the antibody response (Felton, 1949; Dixon and Maurer, 1955).
There is general agreement that increase in antigenic 
dose results in increased antibody formation, but the 
relationship between the two is not well established. Edsall 
et al. (1951) has proposed a relationship between the square 
root of the antigen dose and the maximal antibody level 
obtained in either the primary or secondary response.
This observation was confirmed by Stevens (1956), who after a
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review of the dose-response figures from the literature, found 
that this relationship was the most applicable. He also 
applied the empirically derived dose-response relationship of 
Smith and St. John Brooks (1912) to the data and found that the 
equation held at intermediate concentrations of antigen but not 
at the extremes.
JrK C a = Ab
where is a constant, C is the concentration of antigen, n a 
constant depending on the chemical nature of the antigen and Ab 
is the maximal concentration of antibody. However Stille (i960) 
has shown that this formula does not apply to the antibody 
response of humans to influenza virus vaccine administered by 
the subcutaneous or intracutaneous route. The route of inocu­
lation influenced the relationship; intracutaneous inoculation 
gave a straight line relationship between log dose and log 
antibody response, while subcutaneous inoculation gave a sigmoid 
relationship. The recent studies of Koshland (1957) showed no 
direct relationship between the amount of antigen present in a 
lymph node and the amount of antibody synthesised. In short, 
there is still no established relationship between the dose of 
antigen and the amount of antibody produced.
Schedule of Inoculation.
The antibody response of an animal to multiple doses of 
antigen during the inductive phase of the primary response is
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usual ly assumed to be greatly superior to that provoked by a 
single dose. Ramon and Zoeller first drew attention to this 
in 1927, and their observation has been confirmed by others for 
toxins and bacterial vaccines in animals and man (Schutze, 1941). 
The careful work of Carlinfanti (1951) on the antibody response 
of guinea-pigs to subcutaneous inoculation of diphtheria toxoid 
shows beyond doubt that multiple inoculations of antigen were 
superior to a single inoculation of antigen. However all of 
these studies have been carried out by comparing single or 
multiple inoculations of antigens into a particular tissue, and 
the effect of different routes, or the interaction of routes and 
dosage have not been studied comprehensively in the past.
The repeated inoculation of animals with antigen improves 
also the quality of antibody produced (jerne, 1951; Jerne and 
Avegno, 1956; Talmage et al. , 1956). In all of these cases, 
schedules of repeated inoculations induced the anamnestic 
response and hence it is not known whether or not multiple 
inoculation in the primary inductive phase is the factor improv­
ing the quality of antibody.
Route of Inoculation.
Probably the most important factor affecting the mtibody 
response and bearing on the related fields of transplantation 
immunity and hypersensitivity is the route of inoculation of 
antigen. It is also difficult to separate the physical state
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of the antigen from the effect of route of inoculation but 
where possible they will be considered separately.
In general, it is found that antigens in the form of large 
particles such as bacteria or erythrocytes are more effective 
when given intravenously, whereas soluble antigens are best given 
into the tissues. If a soluble antigen is attached to a parti­
culate material it is usually more effective by the intravenous 
route (Freund and Bonanto,194l). The route of inoculation can 
also favour one or another antigenic determinant of the injected 
particle. For example, in the rabbit the intravenous injection 
of heat killed pneumococci or streptococci results in the pro­
duction mainly of anticapsular antibodies; on the other hand 
the intracutaneous injection of these organisms leads to the 
production of antinucleoprotein antibodies almost exclusively, 
with the subsequent development of delayed type hypersensitivity 
to the antigen (julianelle, 1930; Derick and Swift, 1929).
The early work of Motohashi (1922) on antibody production 
after small intravenous inoculation of the splenectomized 
rabbit indicated that the amount of antibody produced by the 
rabbit was significantly reduced. The importance of the spleen 
in antibody production after intravenous inoculation was more 
clearly shown by Rowley (1950) when using the rat as the experi­
mental animal. Intravenous inoculation of antigen into the 
splenectomized rat resulted in significantly lower antibody 
titres than in non-splenectomized animals, whereas the amount
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of antibody formed following subcutaneous or intraperitoneal 
inoculation was the same for splenectomized or non-splenecto- 
mized animals. Similar observations were made by Taliaferro 
and Taliaferro (1950, 1951) in the splenectomized rabbit; they 
showed that if the spleen was removed 6 days after inoculation 
there was little or no reduction in antibody production. The 
significance of the spleen in antibody formation after intra­
venous inoculation is also shown by the work of Billingham and 
Sparrow (1955). They observed that there was "an unexplained 
mystery" about the intravenous route of inoculation in the 
rabbit, as an intravenous injection of whole blood from a donor 
animal actually prolonged the life of a secondary homograft in 
the recipient instead of curtailing it. Other routes of 
inoculation of blood increased the rejection rate of the homo­
graft. Similar observations were made by Prehn (1959) when 
he showed that large intravenous doses of blood would enhance 
the growth of sarcoma homografts in a second strain of mice. 
Other routes of inoculation caused increased rates of rejection 
of the homograft. Intravenous inoculation after splenectomy 
caused rejection of the homografts as repidly as observed after 
subcutaneous injection of either splenectomized or non- 
splenectomized animals. It is tempting to postulate that the 
"unexplained mystery" of intravenous inoculation may simply be 
due to immunological paralysis of the antibody producing cells,
as Felton et al. (1955) have shown that the massive injection of
- 18-
antigen produces immunological paralysis, while smaller doses of 
antigen elicit the production of circulating antibodies.
The route of inoculation can also determine the type of 
response an animal will show. For example, toe-pad inoculation 
in the rabbit with antigen in water-in-oil adjuvant will produce 
a type of delayed hypersensitivity, while intramuscular inocula­
tion in adjuvant results in circulating antibody production 
(Leskowitz and Waksman, I960). The physical state of the anti­
gen and its dose are also important factors; very small doses 
of antigen in water-in-oil adjuvant (O.OOOl L.f. diphtheria 
toxoid) given into the toe-pad of the guinea-pig will produce 
delayed type hypersensitivity with no demonstrable antibody 
production, while larger doses (l L.f. diphtheria toxoid) will 
produce delayed type hypersensitivity followed by circulating 
antibody formation (Salvin and Smith, I960). An intravenous 
booster dose of antigen will suppress the delayed type hyper­
sensitivity and will cause the production of circulating anti­
bodies (Uhr and Pappenheimer, 1958; Leskowitz and Waksman,
I960). These observations support the suggestion of Dienes (1936) 
that delayed type hypersensitivity may represent an early phase 
in the Immunological response preceeding antibody production.
Other routes of inoculation, such as intranasal or oral, 
have been shown to elicit a secondary response to non-replicating 
antigens, but no detectable primary stimulation (Edsall, 1946; 
Dolman, 1948).
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The significance of the route of inoculation in the 
immunological response can be summarized by quoting Campbell 
(1959)i
In immunology "we find a continuum of phenomena from 
immunity to allergy,... The status of an animal with respect 
to this spectrum is in part determined by the route of adminis­
tration of antigen. From the immune end of the spectrum to the 
allergic end, the routes are ordered: intravenous, subcutaneous,
intramuscular, intradermal. With regard to acute infectious 
disease, immunity extends along the whole spectrum. In allergic 
diseases the left end relates to desensitization, the right end 
to sensitization. At the immune end of the spectrum, trans­
plants of tissue show acceptance, at the right end, rejection.
The situation is the same for cancer transplants. At the base 
of all these phenomena lie the molecular characteristics of the 
different types of antibody." The role played by the quality 
of antibody in these phenomena, and the effect of route of 
inoculation on the quality of antibody have received little or 
no attention to date.
State of the Antigen.
That the chemical nature of the antigen affects the anti­
body response, is shown by pneumococcal polysaccharides which 
evoke a strong primary antibody response not increased by secon­
dary stimulation (Heidelberger et al., 1946), whereas most protein
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antigens elicit a marked secondary response on re-injection.
The chemical nature of the antigen will he considered in greater 
detail in section V.
The physical state of the antigen also affects the nature 
of the antibody response. The phenomenon that particulate 
antigens are more effective when inoculated intravenously has 
already been mentioned. The use of adjuvants to enhance and 
prolong the antibody response has been known for a long time.
Ramon (1925), having noticed that accidentally induced inflamma­
tion at the site of inoculation favoured antibody formation, 
incorporated tapioca into the antigen preparation. Many parti­
culate adjuvants have been used since that time, including alum, 
aluminium hydroxide, phosphates and urates, but the most success­
ful technique was developed by Freund and Bonanto (1944) based on 
the water-in-oil emulsion of antigen, with or without the addition 
of tubercule bacilli. In this way Freund and Bonanto (1946) were 
able to induce antibody levels that persisted for 5J- years, after 
only two injections. The addition of tubercule bacillus to the 
oil only improves the antibody response to small quantities of 
antigen or very "poor" antigens (Weigle et al., I960).
There are conflicting reports on the mode of action of 
adjuvants, but there are at least three points that emerge from 
these studies:
(l) Adjuvants cause local tissue reaction and attract anti-
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body-producing- cells.
(2) Antigen is released slowly from the site of administration.
(3) Antibody is also produced in the draining lymph node.
There is no doubt that adjuvants produce a local reaction
developing into a granuloma (Freund, 1956), but there is some 
controversy about the quantity of antibody produced by the 
granuloma. Askonas and Humphrey (1955) showed that up to 80 per 
cent of the antibody was produced by the granuloma, while 
McKinney and Davenport (1961) show that only a small quantity 
of antibody is produced by granulomas when transplanted to 
other animals of the same inbred strain. The former studies 
were carried out invitro and eliminated any possible host versus 
homograft reaction that might occur; although McKinney and 
Davenport (1961) claim that there was no gross evidence of 
rejection of the homografts.
Removal of the granuloma at various times after inoculation 
will reduce the amount of antibody produced by the animal (Holt, 
1949; McKinney and Davenport, 1961). These workers claim that 
this is evidence for the slow liberation of antigen from the 
depot, but it might well be that they are removing the major 
site of antibody production. Most workers in this field 
however, are agreed that there is slow liberation from the depot, 
and McKinney and Davenport (1961) have shown that multiple 
injections of antigen in aqueous suspension will produce the 
same antibody titre as that produced by a single inoculation of
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antigen in adjuvant, A single injection of antigen in aqueous 
suspension by the route in question will not produce such a 
good response.
Elimination studies on isotopically labelled diphtheria 
toxoid (Koshland, 1957) from alum induced granuloma in the 
guinea pig have snown that a portion of the antigen is broken 
down at the site of injection, but some intact antigen passes 
to the draining lymph node. These studies have also shown 
that significant levels of antibody are produced by the drain­
ing lymph node, as have the studies of White et al. (1955).
These workers inoculated the antigen into one hind leg of the 
rabbit, in adjuvant and showed a secondary response in the 
cells of the draining lymph node when a secondary stimulus was 
given in the opposite leg; and that a primary response occur­
red in the lymph nodes draining the site of the second inoculum.
Inoculation of antigen-antibody complexes (Terres and 
Wolins, 1961; Uhr and Pappenheimer, 1958), bacterial endotoxins 
(Kind and Johnson, 1959), or intraoccular inoculation of 
soluble antigens (Parks et al., 1961) all produce adjuvant 
effects on antibody production, and show some or all of the 
features discussed above.
The effect of adjuvants on the quality of the antibody 
produced has not been established in any detail, although it is 
known that the quality of antibody improves slowly with time
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after one inoculation in adjuvant (jerne, 1951).
Conclusions.
It appears, then, that the nature of the antibody response 
is influenced by a great number of apparently unrelated factors, 
many of which cannot be separated from one another. The 
quantity and quality of antibody have not been separated when 
examining the factors influencing- the antibody response.
There are further factors affecting the antibody response, 
such as ionizing radiations, hormones, and metabolic inhibitors. 
These will be considered in detail when dealing with particular 
questions.
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I I I .  THE QUALITY AMD QUANTITY OF ANTIBODY
The com parison of serum  sam ples from  d i f f e r e n t  a n im a ls , o r 
even  from  th e  same an im al a t  d i f f e r e n t  tim e s  a f t e r  im m unization , 
h as  le d  to  th e  c o n c lu s io n  t h a t  th e re  a re  o th e r  d i f f e r e n c e s  b e s id e s  
th e  a b s o lu te  c o n c e n tra t io n  o f  a n tib o d y  t h a t  have to  be ta k e n  in to  
accoun t b e fo re  th e  two s e ra  can  be f u l l y  e q u a te d . I f  two a n t i ­
s e ra  a g a in s t  some h ig h ly  to x ic  su b s tan ce  a re  com pared, say  in  a 
p r e c i p i t i n  t e s t ,  th e y  may be found to  g iv e  id e n t i c a l  t i t r e s .  We 
m ight a t  f i r s t  s ig h t  th in k  th e r e f o r e  th a t  th e y  were o f  equ a l 
p o te n cy  in  p r o te c t in g  an  an im al a g a in s t  th e  to x in .  T h is , however, 
is  seldom  th e  c a s e ,  f o r  one serum  might c o n ta in  10 p r o te c t iv e  
u n i t s  p e r  u n i t  volum e, w h ile  th e  second might c o n ta in  5 ,000  
p r o te c t iv e  u n i t s  i n  th e  same volum e. We w i l l  r e f e r  to  th e  c h a r­
a c t e r  o f  an tib o d y  u n d e r ly in g  t h i s  d if f e r e n c e  a s  q u a l i t y .
The e a r ly  w orkers  in  immunology o f te n  came up a g a in s t  t h i s  
d i f f i c u l t y  when com paring th e  p r o te c t iv e  p o tency  o f an unknown 
serum  a g a in s t  a s ta n d a rd  p r e p a r a t io n .  E h r l ic h  (1697) thou g h t 
t h a t  th e  com p lex ity  o f d ip h th e r ia  a n t i to x in  s ta n d a r d iz a t io n  was 
due e n t i r e l y  to  v a r i a t i o n  in  to x o id  c o n te n t and t h a t  com parison  
o f to x o id s  w ith  one known a n t i t o x i n  s ta n d a rd  would overcome th e  
u n d e s ira b le  v a r i a t i o n .  On th e se  grounds he p roposed  what has 
become known as th e  " E h r lic h  U nit" of a n t i t o x i n .  The p r in c ip le  
of i d e n t i c a l  b e h a v io u r  o f  a n t i to x in s  from  d i f f e r e n t  o r ig in s  has 
le d  to  th e  g r e a t e s t  co n fu s io n  i n  t h i s  f i e l d .  The assum ption
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that the neutralizing potency of different antitoxic sera can 
always be made identical by simple dilution of the more potent 
serum does not always hold.
It was first shown by Roux (1900) that the curative power 
of antisera did not correspond to the Ehrlich titre, and Kraus 
(1903) suggested that in addition to the actual quantity of 
antibody in a serum there was another characteristic which 
determined the rate of reaction of that serum. To this charac­
teristic he proposed giving the name "avidity11. The meaning of 
the word avid is "to crave" and has a restricted meaning, espe­
cially in its original use where it is restricted to the rate of 
reaction. Quality, or the degree of excellence of a product,has 
a broader meaning by covering both rate and extent, and thus is 
more appropriate when referring to antibody; it will be used 
in preference to avidity.
As most of the early work on the quality of antibodies was 
done on the diphtheria toxin-antitoxin system, it will be worth 
while looking at the development of the concept of quality in 
this system.
Manifestations of Quality Noted by Early Workers.
Dreyer and Madsen (1901) observed that a mixture of toxin 
and antitoxin which was neutral when injected subcutaneously into 
the guinea-pig was lethal for the rabbit when injected intraven­
ously. However, if this mixture was allowed to stand for 24
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hours, it was found that in some cases the toxicity for rabbits 
had been neutralized (Danysz, 1902). Toxin-antitoxin mixtures 
that were non-toxic for both the guinea-pig and the rabbit were 
usually found to have a short flocculation time (Madsen and 
Schmidt, 1926), while those that were toxic for the rabbit had 
a long flocculation time. These results were confirmed by 
Glenny et al. (1925) when they showed that certain mixtures of 
toxin and antitoxin would produce no reaction in the guinea- 
pig when injected intracutaneously in an undiluted form, but 
were toxic if diluted 100 fold before injection.
These observations appear simple enough and could be in­
terpreted on the notion of rate only; but the work of Madsen and 
Schmidt (1930) showed that slowly flocculating sera were not al­
ways of poor quality thus disallowing any facile generalization.
Actual figures showing the difference in the quality of 
antisera were quoted as early as 1901 by Tizzoni. He showed 
in his experimental work on tetanus antitoxin that a serum 
with 40,000 flocculating units could show twice the protective 
power of another serum with 500,000 units. These types of 
results have been quoted by most of the early workers in this 
field, but it was not until 1937 that Goodner and Horsfall 
(1937) established the inequality of antibodies quantita­
tively. These workers when comparing the mouse- 
protective value of anti-pneumococcal type I horse sera 
showed that the number of protective units per milligram of 
precipitable antibody varied from serum to serum. For example,
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one serum had 540 protective units per milligram of specifically 
precipitable nitrogen, while another serum had 805 protective 
units per milligram of specifically precipitable nitrogen.
Similar observations by Heidelberger and Kendall (1935) showed 
that on prolonged immunization of the rabbit with ovalbumin there 
was a regular change in the ovalbumin to antibody nitrogen ratio*
Differences in the quality of antisera are manifest in 
flocculation time (Ramon, 1923), ease with which the antigen- 
antibody complex dissociates on dilution (Glenny et al., 1925), 
the slope of the neutralization curve (Heidelberger and Kendall, 
1934; Jerae, 1951; Talmage and Maurer, 1953), and the increase 
of cross reactions (Landsteiner, 1947). The differences may 
be accompanied by heterogenicity with respect to molecular weight, 
electrophoretic mobility, and behaviour on chromatographic 
columns. These latter properties will be considered in more 
detail in the section on the physical and chemical structure of 
antibodies.
Although most of the early work on the quality of antibodies 
was carried out on the toxin-antitoxin systems, it would be wrong 
to think that this phenomenon is confined to these systems. 
Bauirgartner reviewed this field in 1934 and showed that quality 
is a fundamental variable of all types of antibodies.
Measurement of Quality.
Measurement is the comparison of an unknown with some
r e ­
e s ta b l is h e d .  s ta n d a rd . I t  i s  nowadays co n v e n tio n a l to  compare 
s u b s ta n c e s  in  a b a s ic  system  o f p h y s ic a l  u n i t s  such  as th e  CGS 
o r  MKS sy s te m s . T h is  ty p e  o f measurement i s ,  how ever, seldom 
r e a d i l y  f e a s i b l e  i n  b io lo g ic a l  sy stem s, and we u s u a l ly  compare th e  
t i t  r e  o f a n tis e ru m  sam ples. T h is  ty p e  o f measurement i s  q u i te  
s a t i s f a c t o r y  p ro v id in g  we reco g n ize  i t s  l im i t a t i o n s  and a c c u ra te ­
ly  d e f in e  th e  c o n d i t io n s  o f th e  t e s t s .  F o r exam ple, i n  comple­
ment f i x a t i o n ,  we may use  x u n i t s  o f  complement s ta n d a rd iz e d  
a g a in s t  y p e r  cen t o f r e d  b lood  c e l l s  s e n s i t i z e d  w ith  z u n i t s  o f 
h a e m o ly s in , a t  f ix e d  volume and tim e o f  in c u b a tio n .
I f  a l l  th e  v a r ia b le s  a re  no t c o v e re d , th e  system  cannot be 
sound , and no v a l id  com parisons can be made* The f u l l  im p lic a ­
t i o n s  o f  t h i s  method o f  com parison must be r e a l i z e d ;  th e  t i t r e  
o f an  a n tis e ru m  i s  seldom  th e  m easure o f th e  q u a n t i ty  o r th e  
q u a l i t y  o f  a n tib o d y , i t  i s  a measure o f  a compound o f  b o th  o f 
th e s e .
T u rn in g  to  th e  measurement o f th e  q u a l i ty  o f a n tib o d y  and 
lo o k in g  a t  th e  methods used  by  e a r ly  w o rk ers , i t  i s  q u i te  c l e a r  
to d a y  where th e  source  o f  u n c e r ta in ty  and s y s te m a tic  b ia s  la y .
The m ethods u sed  have been  rev iew ed  f u l l y  by J e rn e  (1951) and 
w i l l  o n ly  be c o n s id e re d  b r i e f l y .
( l )  The f lo c c u la t io n  tim e i s  a rough m easure o f  th e  r a t e  of 
a s s o c ia t io n  o f a n t ig e n  and a n tib o d y  (Madsen and Schm id t, 1930).
I t  i s  unsound, a s  s lo w ly  f lo c c u la t in g  a n t i s e r a  can  be o f h ig h e r  
q u a l i t y  th a n  f a s t e r  f l o c c u la t in g  s e r a .
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(2 ) The r a t i o  betw een th e  a n t i t o x i n  t i t r e ,  when m easured by 
in tra v e n o u s  i n j e c t i o n  o f r a b b i t s  im m ediately  a f t e r  m ixing and 24 
hours l a t e r  i s  e s s e n t i a l l y  a m easure o f  d i s s o c ia t io n .  T h is 
method was u sed  by Madsen and Schm idt (1 9 3 0 ), b u t as no d e t a i l s  
o f th e  t e s t  volumes a re  g iv e n , th e  d i l u t i o n  s te p  in to  th e  r a b b i t  
i s  alw ays a v a r i a b le ,  and i n t e r - r a b b i t  v a r i a t io n  in  s u s c e p t ib i ­
l i t y  to  to x in  i s  a n o th e r .  Even i f  th e se  w ere c o n t r o l le d ,  
q u a l i t i e s  co u ld  no t be compared d i r e c t l y ,
(3 ) The r a t i o  betw een  th e  a n t i t o x i n  t i t r e s  o b ta in e d  by 
measurem ent i n  an im als  and by f l o c c u la t i o n  i n  v i t r o  (G lenny e t  a l , , 
1925 ), r e s t s  on th e  assu m p tio n  t h a t  one t e s t  m easures q u a n t i ty  
on ly  and th e  o th e r  q u a l i t y  o n ly . N e ith e r  assum ption  i s  s u f f i ­
c i e n t l y  c o r r e c t  to  a llo w  r e a l  com pariso n s, even i f  th e  two 
component methods had been  s ta n d a rd iz e d  and d id  n o t v a ry  from 
w orker to  w orker,
(4 ) The d i l u t i o n  r a t i o  o f Glenny and B a rr (1932) was th e  r a t i o  
betw een th e  a n t i t o x i n  t i t r e s  m easured by th e  in tra c u ta n e o u s  method 
a t  two d i f f e r e n t  l e v e ls  o f i n i t i a l  to x in  c o n c e n tra t io n .  The tim e 
ta k e n  f o r  a n t i t o x i n  and to x in  to  re a c h  e q u il ib r iu m  w i l l  depend on 
th e  c o n c e n tra t io n s  o f t o x i n  chosen to  u se  in  th e  t e s t  and on th e  
d i l u t i o n  f a c t o r  betw een th e  two l e v e l s  o f to x in .  At th e  l e v e ls  
o f to x in  and a n t i to x in  chosen  in  t h i s  system , a g g re g a tio n  can  
o c c u r , and th e s e  f a c t o r s  w i l l  in f lu e n c e  th e  r a t i o  o b ta in e d .
J e m e  observed  th e s e  w eaknesses i n  th e  above m entioned
methods f o r  m easuring  th e  q u a l i t y  o f  s e r a ,  and p roposed  what he
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called the ’’Avidity Constant" to take their place. This is more 
commonly known as the association constant in physico-chemistry, 
i.e, the concentration of antigen-antibody complexes divided by 
the product of the concentration of free antigen and free antibody. 
When toxin and antitoxin are mixed together, they combine to 
form complexes. In the simplest case this reaction can be 
written diagrammatically:-
Where T is toxin, A is antitoxin, and TA are the simplest com­
plexes. The basic reaction shown above is much faster than the 
ensuing reactions, but these do occur and complicate the issue. 
The simplest case only will be considered.
According to the law of mass action the rate of formation 
of TA is proportional to the product of the concentrations of 
T and A. The square brackets denote concentration.
The rate at which the dissociation of TA into its components 
takes place is proportional to the concentration of TA.
T + A TA SfJ? (TA)^ (aggregates),
r! - Cd Cd
An equilibrium is reached when r^ equals r^, then
SE
Writing r—  = K, we have the association constant. 
2
The
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1reciprocal value, — , is the dissociation constant*
The first assumption here is that antibody is univalent, 
and even though this is known not to be the case, in dilute 
systems it may be considered to be so.
The second point that must be established is that the inter­
action between toxin and antitoxin is a reversible reaction, and 
that an equilibrium is formed. The concept of reversibility in 
antigen and antibody reactions was introduced by Arrhenius and 
Madsen (1902) and in recent years has come into general acceptance 
(jerne, 1951), However, as it is one of the basic concepts of 
antigen-antibody interaction, it should be shown to be valid for 
each test system under investigation.
Heterogenicity of antibody within a single serum sample, and 
heterogenicity of antigen must also be taken into account when 
establishing the interactions between antigen and antibody.
Jerne (1951) followed the results of Pauling et al. (1944b) and 
assumed that the free energy of combination of the various 
antibodies with toxin was normally distributed. A similar 
assumption was made for antigen.
The final point that must be remembered is that K is the 
first association constant valid for monovalent antigen and anti­
body only. As long as the system is far from saturation and
there is no electrostatic or steric interaction between
neighbouring antigenic sites, its use is unobjectionable.
Sven when complicating factors are taken into account,
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measurement of the association constant (K) is the only thermo­
dynamically sound way of expressing the quality of antibodies. 
Definition of the equilibrium between antigen and antibody is 
the only way to describe the quality of a serum fully. It will 
account for differences in flocculation time, for the ease with 
which the antigen-antibody complex can dissociate, for the slope 
of the neutralization curve, and also for changes in specificity 
of antibody with time after inoculation.
The value of this constant can be expressed in basic units, 
allowing valid comparisons between sera. However, owing to the 
assumptions that have to be made in this system, the association 
constant is only meant to express the average quality of antibody 
molecules in a serum. Measurement of this value and of the 
quantity of antibody in basic units will be sufficient in practice 
to define the potency of a serum.
The practical methods for determining the quality of anti­
bodies differ from system to system, but, in general, any method 
that will allow the measurement of the dissociation constant will 
give a measure of the quality of antibody. In practice this 
means that either free antigen, free antibody or the proportion of 
one or both in the antigen-antibody complex has to be determined. 
With small antigens and especially haptens, standard physico­
chemical methods can be used to this end, without any major 
modification. Indeed, these are the tools of immunochemistry,
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and measurements of equilibria are one of its main occupations 
ever since Arrhenius coined the term. With particulate antigens 
such as bacteria and viruses there are no established techniques 
for similar measurements, and part of the present work will deal 
with the development of techniques that will permit the 
estimation of equilibrium parameters.
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IV. TEE PHYSICAL AND CHEMICAL PROPERTIES OF AETIBOUIEU
Antibodies are proteins associated with the globulin 
fraction of serum. The work of Tiselius and Kabat (193S) 
showed that absorption of sera with the immunizing antigen 
caused a marked decrease in the ^-globulin fraction only. The 
term ß -globulin is derived from electrophoretic analysis and 
has been defined by the U.S. Commission on Plasma Fractionation 
and Related Processes as that fraction of plasma which does not
contain proteins with electrophoretic mobility greater than
-5 2 -1 -i-2.8 x 10 cm' v sec in veronal buffer pH 6.6, ionic strength
0.1.
All antibodies however are not -globulins, as Tiselius 
and Kabat (1939) conclude. At early stages after immunization, 
horses form antibodies that migrate between the and J-' 
globulins, and this electrophoretic peak has been termed the T 
component. At later stages after immunization, the antibody 
has an electrophoretic mobility in the slow moving ^  globulins. 
Using electrophoresis in starch blocks and ultracentrifugal 
methods (Stelos, 1956; Stelos and Taliaferro, 1959), it was 
possible to separate rabbit haemolysins against Ibrssmann type 
antigens, into two peaks of antibody activity: the J"
haemolysin sedimented with the 19 S globulin, while the £  ^  
sedimented with the 7 S globulin. The ^  ^  globulins appeared 
early after immunization, while the ^  0 globulins appeared later.
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Re cent studies by Bauer and Stavitsky (1961) on the different 
molecular forms of antibody synthesised by rabbits during the 
primary response to a single injection of soluble and particulate 
antigens show that the antibody response is heterogeneous. The 
initial antibody formed was a £ macroglobulin of 19 S, while 
the later antibody formed was a  ^ globulin of 7 S.
This change in the character of antibody that occurs 
during the time course of iirmunization of animals has been clearly 
demonstrated by Porter (1955), Humphrey and Porter (1956) and by 
Askcnas et al. (1956). Antibodies in rabbit sera to pneumo­
coccus type III polysaccharide, influenza virus (strain MEL), and 
ovalbumin, showed a change in elution pattern on partition chroma­
tography. There was a change from slow elution rates to fast 
elution rates as the time after vaccination was increased. The 
only exception observed was after immunization of rabbits with 
antigen in Freund’s water-in-oil adjuvant. In this case the 
elution pattern did not change even after a second injection of 
antigen in adjuvant.
Antibodies of one type or another have been detected 
throughout all the globulin fractions of serum. Skin sensiti­
zing antibody, Rh antibodies, and syphilis reagins have been 
found in the & - and ß -globulins (Campbell et al., 1954;
Laurell, 1955; Cann et al., 1952) as well as in the - 
globulins.
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The Size and Shape of the Antibody Molecule.
Total -globulin of rabbit and. man contains a principal 
component with a sedimentation constant of 7 S. Assuming an 
intrinsic viscosity of 0.06 and a partial specific volume of 0,74, 
Oncle.y et al. (1947) calculated a molecular weight of 150,000. 
However, recent studies on the three fragments of rabbit antibody 
separable by papain have given a slightly higher molecular weight 
of 185,400 - 1,400 (Charlwood, 1959 \  Equine, bovine, and 
porcine antibody prepared by dissociation of pneumococcal 
specific precipitates, showed the presence of a component with 
much higher sedimentation constant (19 S) and Kabat (1939) 
calculated a molecular weight of about 1,000,000 for this type 
of antibody. The size of the antibody molecule also varies with 
the time after immunization (Stelos, 1956; Bauer and Stavitsky, 
1961) but the predominant antibody form in the rabbit at a 
reasonable time sifter first inoculation (3 weeks) is the 7 S 
antibody.
The antibody molecule, taken as a cylindrical particle 
would have an elliptical cross section with axes of 19 and 57°A 
and with a length of 230 to 240°A (Kratky et al., 1955). These 
measurements were made by low angle X-ray scattering on prepara­
tions of human^  -globulin shown to be homogeneous in the ultra­
centrifuge. Recent studies by Hall et al. (1959) indicate 
that the rabbit antibody molecules have a length of 250°A and are
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asymmetric rod-like particles, about 30 to 40°A in diameter.
These studies were carried out on purified rabbit antibody by 
electron micrography. Direct observation of the rabbit anti­
body attached to tobacco mosaic virus, using electron microscopy 
after negative staining, showed a nerfectly round molecule with 
diameter 70°A (Valentine, 1959). Valentine suggests that these 
are either artifacts caused by dehydration of the antibody 
during preparation, or that antibodies are dumb-bell-shaped 
molecules connected by protein structures of less than 10°A 
diameter. The results of physicochemical measurements as well 
as the work of Porter (1955, 1958, 1959) who showed that after 
papain treatment, antibody is separable into three fragments, 
suggest that the former explanation of Valentine’s is the most 
likely.
Valence of Antibody.
The multivalence of antibody has become a generally 
accepted fact, and the evidence points to two combining sites 
per antibody molecule. This holds for antibody of sedimentation 
constant of 7 S and molecular weight 180,000. The work of 
Pauling et al. (1944a) is perhaps the most elegant, demonstration 
of bivalence. Antibodies were prepared in separate animals 
against two haptens, conjugated to protein molecules, phenyl- 
arsenic acid and benzoic acid, and when these sera were tested 
against a simple dihapten no precipitation occurred. Equilibrium
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dialysis experiments in purified hapten-antihapten systems have 
given a value of two for the valency of antibody (Eisman and 
Karush, 1949; Lerman, 1949). Experiments carried out on 
antigen-antibody complexes dissolved in antibody excess, have 
also shown a valency of two for antibody when examined by 
electrophoresis or ultracentrifugation (Pappenheimer et al«, 1940; 
Singer and Campbell, 1952; Weigle and Maurer, 1957; Kleczkowski, 
1959). The most conclusive evidence is the work of Porter 
(1955, 1959), who obtained 3 fragments after papain digestion of 
antibody, two specific combining groups, and one larger group 
carrying the antigenic determinants of the intact molecule.
There are isolated reports in the literature presenting 
evidence for the monovalence of antibody (Boyd and Hooker, 1939; 
Traub et al,, 1953), but the weight of evidence behind the 
bivalent theory indicates that these observations have probably 
been misinterpreted. There is good evidence to show that 
higher molecular weight antibodies contain more than two 
combining sites. Enzymatic treatment of horse antipneumococcal 
antibody will convert it into precipitating antibody with a 
molecular weight below 100,000. Assuming that the native 
antibody consists of 5 to 6 subunits polymerized end to end, the 
undegraded antibody would have a valency of at least 10 
(Pappenheimer, 1953).
The evidence presented above indicates that antibodies are
bivalent; the question remaining is whether the combining groups
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on each end of the antibody molecule are of the same specificity, 
Lanni and Campbell (1948) coined the word "heteroligating" to 
describe hypothetical antibodies of two specificities. Their 
work and that of Nisonoff et al. (1959) on the adsorption of 
rabbit sera after injection with two haptens each coupled to 
bovine ^  -globulin showed that each hapten removed only antibody 
against itself and that heteroiigating antibody could not be 
demonstrated,
lion-precipitating antibody (Pappenheimer, 1940), and 
blocking antibody (Wiener and Katz, 1951) have been described as 
univalent owing to their failure to agglutinate the antigen. 
However, the blocking antibody in certain Rh antisera has been 
shown to agglutinate the cells if the cells have been pre­
treated with enzymes.
The evidence all indicates that antibodies are bivalent and 
homoligating. The described "univalent antibodies" might be 
called more appropriately "non-ligating antibodies" and the 
cause of the "poor" reactions is most likely the poor quality of 
the antibody rather than the possession of only one combining 
site.
Chemical Composition of Antibody.
The amino acid composition of rabbit pneumococcal antibody 
determined by acid hydrolysis shows that it is high in serine,
threonine, valine and proline, but low in methionine and
- 40-
h i s t i d i n e  (Sm ith  e t  a l , , 1955). The N -te rm in a l amino a c id  
sequences o f  norm al r a b b i t  j '  - g lo b u l in ,  and a n t ib o d ie s  p re p a re d  
i n  th e  r a b b i t  a g a in s t  ovalbum in and pneum ococcal p o ly sa c c h a rid e  
a re  a l l  th e  same ( P o r te r ,  1950). They a l l  had one N -te rm in a l 
a la n in e  r e s id u e  p e r  m o lecu le  and a te rm in a l  t e t r a  p e p tid e  
a l a n y l - l e u c y l - v a l y l - a s p a r ty l  w ith  g lu ta m ic  a c id  p ro b ab ly  in  th e  
f i f t h  p o s i t i o n .
The ^ - te rm in a l  a n a ly se s  o f  a n t ib o d ie s  from  o th e r  s p e c ie s  
have shown s e v e ra l  N -te rm in a l amino a c id s  i n  one p r e p a ra t io n  
(McFaddo'i and S m ith , 19 5 5 ).
The work o f  G i t l i n  and M erle r (1961) on th e  p e p tid e  mapping 
o f  r a b b i t  a n t ib o d ie s  to  d i f f e r e n t  pneum ococcal p o ly s a c c h a r id e s  
in d i c a te s  t h a t  th e re  may be d i f f e r e n c e s  in  b o th  p rim ary  and 
t e r t i a r y  s t r u c t u r e s  betw een  th e  d i f f e r e n t  a n t ib o d ie s .  F r a c t io n s  
I  and I I  o f  P o r t e r ’s (1959) w hich c o n ta in  th e  com bining a re a s  
o f th e  a n tib o d y  m olecule  were shown to  g iv e  a lm ost i d e n t i c a l  
p e p t id e  maps f o r  a n t ib o d ie s  a g a in s t  one a n t ig e n ,  b u t d i f f e r e n c e s  
were d e te c te d  betw een a n t ib o d ie s  a g a in s t  d i f f e r e n t  a n t ig e n s .
S iz e  and C o n f ig u ra tio n  o f  th e  A ntibody Combining S i t e .
S tu d ie s  on th e  s iz e  o f th e  a n tib o d y  com bining a re a  have 
shown th a t  a v e ry  sm a ll r e g io n  o f th e  t o t a l  i s  in v o lv e d  in  
a c tu a l  co m b in a tio n  w ith  a n t ig e n .  I t  i s  o f th e  o rd e r  o f  1 to  3 
p e r  c en t o f th e  a r e a  o f  th e  a n tib o d y . The a c tu a l  measurement 
o f  th e  a re a  o f  t h i s  a c t iv e  re g io n  i s  o f im portance  in  i t s e l f ,
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but of even greater importance is the structure of this area
making it complementary to the antigen*
Direct measurement of the combining site by chemical or
physical means is at the moment difficult or impossible, and all
measurements have been done by equating the minimal size of the
antigen with the antigenic area* The early work of Landsteiner
o 2and van der Scheer (1938) indicated an area of 700 A , whereas
the studies of Kabat (1954, 1956, I960) show that the area is
o 2smaller and probably of the order of 200 A . In a number of 
investigations of human antidextrans, he showed by hapten 
inhibition studies, that the power to inhibit precipitation 
increased with increasing numbers of sugar residues, from 
isomaltotriose to isomaltohexaose. The heptasaccharide caused 
a slight but definite increase over the hexasaccharide, but any 
further increase in size caused no increase in inhibiting power* 
Thus the largest unit to which an antibody combining site may be 
complementary is a heptasaccharide. These studies have also 
shown that the antidextran molecules are not all alike with 
respect to the complementariness of their combining sites; an 
antiserum is made up of a heterogeneous population of antibodies 
which vary in the size of the complementary area from one to 
another. They range in complementariness from a tri, tetra, 
penta, hexa to even a heptasaccharide. Thermodynamic studies 
of Karush (1956), Nisonoff and Pressman (1958) have given 
support to the values calculated by Kabat and have given further
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inf orrnat ion on the complementariness of antibodies for closely 
related antigens. These workers also found heterogenicity in 
the size and complementariness of antibodies.
Studies on the antibody combining site itself, by over- 
iodination and destruction of combining power or protection of 
the combining region with antigen, indicate that some tyrosine and 
histidine residues must be present in this area (Pressman and 
Sternberger, 1951). The effect of mild acetylation on the 
antibody combining site showed that the <g. -amino groups of lysine 
may also be involved.
Prom the above review it would appear that the region 
responsible for the serological activity of antibody is made up 
of not more than 10 amino acids. The nature of the forces 
holding antigen and antibody together remain a matter of conjec­
ture at present. It was originally thought that the charge on 
the antigen played a major role, but since uncharged molecules 
such as dextrans are held as well as protein antigens, this 
cannot be the whole explanation. The predominant forces 
involved in holding antigen and antibody together must be 
hydrogen bonds and van der Waals forces. Molecular complemen­
tariness and the displacement of water molecules from the 
combining areas are probably the major factors, although the 
role of charged groups in some combinations may be equally
important
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Specificity of Antibodies.
The specificity of the antibody for the immunizing antigen 
has been studied extensively by Landsteiner (1947), and the 
chemical groupings on the antigen have been shown to play the 
primary role in determining specificity. There is little 
evidence as to why certain chemical groups play a more prominent 
role than others in determining this specificity, especially as 
work on artificially conjugated protein antigens and haptens would 
suggest that there is no limit to the possible structures to which 
antibody can be formed.
The work of Landsteiner and van der Scheer(l936) has also 
shown that this specificity is not absolute. There are anti­
bodies formed even against simple conjugated haptens that will 
combine with closely related substances as well as with the 
determinant group. The intensity of the heterologous reaction 
depends on the degree of similarity between the homologous and 
heterologous group. Landsteiner concludes:-
"These facts can scarcely be interpreted otherwise than by 
assuming a multiplicity of antibodies, .... Thus to a multiplicity 
of serological reactions there need not correspond a coordinate 
mosaic of chemical structures in the antigen. One may conclude 
that the antibodies formed in response to one determinant group 
are, though related, not entirely identical, but, as evident from 
their cross reactions with heterologous antigens, vary to some
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extent around a main pattern and what is ordinarily spoken of as 
antibody is generally a mixture of specifically different 
components,”
When we come to compare complex protein antigens where the 
chemical structure is not known, it is difficult to decide how 
many of the heterologous reactions are due to a mosaic pattern of 
different determinant groups, and how many are contributed by 
variations of complementariness. Cross reactions have been 
shown to occur between protein antigens, such as the serum 
albumins of various species (Hooker and Boyd, 1936; Maurer,
1954; Porter, 1957), and that the degree of cross reaction 
depends on the route and the time course of immunization. The 
longer the time after inoculation of antigen, the lower the 
specificity, and the higher the degree of cross reactions.
The specificity of antibody is the basis of all immuno­
chemical studies and serological typing, while the cross reactions 
produced by antibodies are used as a measure of antigenic 
similarity. The chemical basis for specificity and cross 
reactions in complex structures such as bacteria and viruses is 
not well established; however, the recent studies of Rappaport 
(1961) show that a start is being made in this field. Rappaport 
has compared the precipitin curves obtained from two strains of 
tobacco mosaic virus against homologous and heterologous rabbit 
antisera. The experimental results all favour the concept that 
the virus particle is made up of a single repeating antigenic
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d e te rm in a n t,  and t h a t  m osaics o f d i f f e r e n t  d e te rm in a n ts  p ro b ab ly  
do no t o c c u r .  However, as  o n ly  one t h i r d  o f th e  v iru s  p a r t i c l e s  
can  be co v ered  by a n tib o d y , owing to  s t e r i c  h in d ra n c e , i t  i s  
im p o ss ib le  to  co m p le te ly  ex clude  th e  m osaic c o n c e p t. The s in g le  
d e te rm in a n t h y p o th e s is  i s  i n  k e e p in g  w ith  X -ray  and physicochem i­
c a l  s tu d ie s  on t h i s  v i r u s ,  as i t  can be b roken  down in to  i t s  sub­
u n i t s  u n d er c e r t a i n  c o n d it io n s  o f pH and io n ic  s t r e n g th  and under 
o th e r  c o n d i t io n s  th e  s u b -u n its  recom bine to  form  v i r u s - l i k e  ro d s .
The H e te ro g e n ic i ty  o f  A n tib o d ie s ,
Throughout th e  p ro cee d in g  s e c t io n s  on th e  q u a l i ty  and 
q u a n t i ty  o f  a n tib o d y , and th e  p h y s ic a l  and chem ical p r o p e r t i e s  
of a n t ib o d ie s ,  i t  has become e v id e n t th a t  th e  a n tib o d y  p o p u la tio n  
in  a  p a r t i c u l a r  serum  i s  no t u n ifo rm . A n tig en s such as p u r i f i e d  
h ap ten s  and sing le -co m p o n en t po lym ers such as d e x tra n s ,  do n o t 
e l i c i t  a s in g le  s p e c ie s  o f a n tib o d y  a t  any s ta g e  a f t e r  immuniza­
t i o n .  I t  i s  n o t s u r p r i s i n g , t h e r e f o r e , t h a t  complex a n t ig e n s  
le a d  to  an even g r e a t e r  degree o f  h e te r o g e n ic i ty  in  th e  
a n tib o d y  re sp o n se .
How t h a t  we have o b se rv ed  t h i s  phenomenon o f  h e te r o g e n ic i ty ,  
how do we ta k e  account o f  i t  when s tu d y in g  th e  i n t e r a c t i o n  
betw een a n t ig e n s  and a n t i s e r a  t h a t  a re  a m ix tu re  o f a n t ib o d ie s  of 
d i f f e r e n t  q u a l i t i e s ?  P a u lin g  e t  a l . ( 1944b)have p roposed  th a t
th e  f r e e  en e rg y  o f co m b in a tio n  o f a n t ig e n  and a n tib o d y  is  
n o rm ally  d i s t r i b u t e d  and t h a t  a p o p u la tio n  o f a n t ib o d ie s  can be
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c h a r a c te r iz e d  by an  av erag e  e q u il ib r iu m  c o n s ta n t and a "heterogen- 
i c i t y  f a c t o r "  c o rre sp o n d in g  to  th e  s ta n d a rd  d e v ia t io n  about th e  
lo g a rith m  o f  th e  average  e q u i l ib r iu m  c o n s ta n t .  Two a l t e r n a t iv e  
d i s t r i b u t i o n s  which a re  v e ry  s im i la r  to  th e  norm al, b u t overcome 
th e  d i f f i c u l t y  o f in t e g r a t i n g  th e  a re a  u n d er th e  norm al c u rv e , 
were p rop o sed  by  S ip s (1 948 , 1950). Use o f t h i s  d i s t r i b u t i o n  
how ever, does no t a llow  f o r  th e  v a r ia b le  p r e c i s io n  o f m easurem ent 
a lo n g  th e se  c u rv e s , and th u s  does no t reduce th e  e r r o r  o f e s t i ­
m ates based  even on a la rg e  number of o b s e rv a t io n s .  Fazekas de 
S t .  G roth  (1962) has p roposed  th e  use o f F i s h e r ’ s ang le  t r a n s f o r ­
m ation  (1 9 2 2 ), which r e q u i r e s  no s p e c ia l  w e ig h tin g  p ro ced u re  and 
y ie ld s  in fo rm a tio n  p ro p o r t io n a te  to  th e  number o f  o b s e rv a tio n s .
C o n c lu sio n .
The change in  th e  q u a l i t y  o f  a n tib o d y  w ith  tim e a f t e r  
in o c u la t io n  o f  an anim al w ith  an a n t ig e n  has been d e s c r ib e d .
These changes in  q u a l i ty  can  be accom panied by changes in  th e  
p h y s ic a l  and chem ical p r o p e r t i e s  o f th e  a n tib o d y . They may 
be observed  a s : -
(1) Changes i n  e l e c t r o p h o r e t ic  m o b i l i ty ,  and e l u t io n  r a t e s  
from  chrom atograph ic  colum ns.
(2) Changes i n  th e  s iz e  o f  th e  a n tib o d y  m o lecu le : macro-
g lo b u lin s  o f 19 S ap p ea r e a r l y ,  fo llo w e d  l a t e r  by th e  u s u a l
7 8 form o f  a n tib o d y .
(3) Changes in  s p e c i f i c i t y :  th e  degree  o f c ro s s  r e a c t io n s
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i n c r e a s e s .
(4 ) Changes in  th e  average  s iz e  o f th e  com bining s i t e  o f th e  
a n tib o d y  m olecule have n o t been  c o n v in c in g ly  d em o n stra ted , 
a lth o u g h  Kabat (1 9 5 6 ), Kabat and B ezer (1958) have observ ed  th a t  
some a n t i s e r a  have a c o n s i s t e n t ly  h ig h e r  p ro p o r tio n  o f a n t ib o d ie s  
w ith  com bining s i t e s  com plem entary to  a  h e x a s a c c h a r id e .
(5 ) The chem ical s tu d ie s  on th e  p rim ary  and t e r t i a r y  
s t r u c t u r e  of a n t ib o d ie s  a re  a t  to o  e a r ly  a s ta g e  to  show 
w hether d i f f e r e n c e s  do o ccu r.
I t  sh o u ld  be n o te d  t h a t  th e  m a jo r i ty  o f  th e se  changes 
appear to  be s h i f t s  i n  th e  av e rag e  p r o p e r t ie s  o f  th e  a n tib o d y  
p o p u la tio n ,  and t h a t  a t  a l l  s ta g e s  th e re  i s  d em onstrab le  s c a t t e r  
abou t a mean, w h atev e r c r i t e r i o n  o f  q u a l i ty  i s  b e in g  a p p l ie d .
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I I  a n tig em  CITY
I t  i s  custom ary  to  d e f in e  a n tig e n s  as su b s ta n c e s  o r ag en ts  
w hich w i l l  induce  th e  fo rm a tio n  o f an tib o d y  when in j e c te d  in to  
an a n im a l. The p r e r e q u i s i t e s  f o r  an  a n t ig e n  a r e :
(1 ) The m o le c u la r  w eigh t o f th e  in je c te d  m a te r ia l  sh o u ld  be 
r e l a t i v e l y  h ig h ,  o f th e  o rd e r  o f 10 ,0 0 0 , o r  more. T here i s  
some c o r r e l a t i o n  betw een  th e  m o lecu la r w eigh t o f an a n t ig e n  and 
th e  a b i l i t y  to  i n i t i a t e  a n tib o d y  fo rm a tio n  ( M e r r i l l ,  1936). I t  
i s  u s u a l ly  assumed t h a t  sm all m o lecu la r  w eigh t a n t ig e n s ,  such as 
p e n i c i l l i n ,  e l i c i t  a n tib o d y  p ro d u c tio n  by com bining w ith  h o s t 
f a c t o r s  and th u s  p ro d u c in g  h ig h  m o le c u la r  w eigh t m a te r ia l  (E is e n , 
1 9 5 9 ;. Not a l l  h ig h  m o le c u la r  w eigh t p ro te in s  a re  a n t ig e n ic ,  
g e l a t i n  h as  been  th o u g h t to  be p o o r ly  a n t ig e n ic ,  e i t h e r  because  
i t  i s  a d e n a tu re d  p r o te in  and i s  r a p id ly  e l im in a te d  from  th e  
an im a l, o r  because i t  i s  low i n  ty r o s y l  and c y s ty l  r e s id u e s .
The re a s o n  f o r  g e l a t i n 's  poor a n t ig e n ic i ty  has s t i l l  no t been  
worked o u t ,  f o r  even a f t e r  c o u p lin g  g e l a t i n  t o  ty r o s y l  r e s id u e s  
i t  i s  s t i l l  no t f u l l y  a n t ig e n ic  (G lu tto n  e t  a l . , 1937).
(2 ) The a n t ig e n  sh o u ld  be f o r e ig n  to  th e  h o s t ,  b u t s tu d ie s  
w ith  b lo o d  group  su b s ta n c e s  ( is o a n t ig e n s )  and w ith  sperm , le n s ,  
th y r o id ,  and k id n ey  p r o te in s  (a u to a n tig e n s )  in  th e  same anim al 
have shown e x c e p tio n  to  t h i s  r u le  (L a n d s te in e r , 1947).
(3 ) A nother p r e r e q u i s i t e  f o r  d e te rm in in g  a n t ig e n ic i t y  i s  
th a t  th e  d e te rm in a n t group sho u ld  have a r i g i d  s t r u c tu r e
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(x iau ro w itz , 1952). The h ig h ly  s p e c i f i c  a c t io n  o f a ro m a tic  
compounds i s  p ro b a b ly  due to  th e  r i g i d i t y  o f  th e  benzene r in g s ,  
w h ile  th e  e a s i l y  d i s to r t e d  c h a in s  o f  th e  f a t t y  a c id s  a re  unab le  
to  e l i c i t  th e  fo rm a tio n  o f s p e c i f i c  a n t ib o d ie s .
(4 ) The d e te rm in a n t g roups must be p re s e n t on th e  s u r fa c e  
o f th e  a n t ig e n  m o lecu le , as chem ical groups on th e  i n t e r i o r  of 
th e  a n t ig e n  would n o t be a c c e s s ib le  to  an tib o d y  m o lecu le s .
R e la t iv e ly  l i t t l e  i s  known abou t th e  chem ical s t r u c tu r e s  
o f  p r o te i n  a n t ig e n s  t h a t  w i l l  e l i c i t  an tib o d y  fo rm a tio n . 
L a n d s te in e r  (1947) has shown th a t  th e  s p e c i f i c  a c t io n  o f th e  
p r o te in  a n t ig e n  i s  n o t due to  th e  p r o te in  m olecu le  as su ch , b u t 
i s  due to  d e f in i t e  chem ical g roups on th e  p r o t e i n .  I t  may w e ll 
be asked  w hich chem ical groups a re  im p o rtan t and what a re  th e  
p r e r e q u i s i t e s  o f a n t ig e n ic i t y .
L a n d s te in e r  (194?) d em o n stra ted  i n  h i s  ex p erim en ts  w ith  
a z o p ro te in s  t h a t  h a p te n s  w ith  a c id ic  groups were p a r t i c u l a r l y  
e f f i c i e n t  as d e te rm in a n ts , w h ile  H aurow itz (1942) has dem onstra­
te d  t h a t  s t r o n g ly  b a s ic  groups w ere e q u a l ly  im p o r ta n t .  To 
com plete th e  c y c le , Kabat (1954, 1956, I960) has shown th a t  non­
p o la r  d e x tra n s  and le v a n s  can a c t  as a n t ig e n s .  Thus i t  would 
app ea r t h a t  p o l a r i t y  may no t p la y  such  an im p o rtan t p a r t  in  
d e te rm in in g  a n t ig e n ic i t y .
The a n t ig e n ic i t y  o f p ro te in s  i s  h a rd ly  a l t e r e d  when a  few
of t h e i r  amino a c id  groups a re  a c e ty la te d ,  deam inated , o r
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iodinated (Eaurowitz et al., 1941; Singer, 1957) but rigorous 
treatment by any of these methods will abolish the original 
specificity of the protein completely. Thus it appears that each 
type of group may play some part in determining antigenicity, but 
it is still open to question how much each amino acid group 
contributes* Thermodynamic studies on closely related protein 
antigens should give some answers to these problems in the next 
few years.
The difficulty in deciding what are the antigenic determin­
ants on protein antigens has been mentioned in the section on 
specificity. In tobacco mosaic virus, the evidence points to a 
single repeating determinant, but the concept of a mosaic of 
determinants has not been excluded. Under these conditions 
and especially with mixtures of closely related antigens, 
heterogenicity can be envisaged, but there are no sound methods 
as yet, of determining this factor.
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VI. THE TEST SYSTEM
If we wish to study the interactions between antibodies 
and antigens of natural pathogens, it is logical to opt for a 
relatively simple system. The simplest antigenic particles will 
be found among the viruses, for this group represents the smallest 
organised structures that carry their own genetic material.
There are many viruses to choose from, but as the aim is 
essentially immunological it is best to choose a virus that can 
be obtained in reasonable quantity, can be purified readily and 
whose properties allow the interaction with antibody to be tested 
in many systems. The system should be suited to quantitative 
study, and it is an advantage if the antigen has a number of 
closely related antigenic variants to facilitate these studies.
Influenza viruses and their antibodies fulfil these 
requirements in every way. A short survey of the salient 
immunological features of this system will both establish the 
point and serve as framework and foundation for the experimen­
tal sections that follow.
Influenza Virus as Antigen
Influenza virus was first isolated by Smith et al. (1933) 
and in the following years many strains were recovered in 
different parts of the world (Francis, 1934$ Burnet, 1935).
These viruses behaved similarly, and are classified today as
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in f lu e n z a  A v i r u s e s .  In  1940 F ra n c is  i s o la te d  a  new type  o f 
in f lu e n z a  v i r u s  which was a n t ig e n ic a l l y  d i s t i n c t  from  th e  A ty p e  
v i r u s e s  and w hich became th e  p ro to ty p e  of in f lu e n z a  B v i r u s e s .  
Then i n  1946 a m od ified  ty p e  A v i r u s  was i s o la te d  in  A u s t r a l ia  
(A nderson and B u rn e t, 1947) and d is p la c e d  w ith in  th e  nex t y ea r 
th e  e a r l i e r  endem ic A s t r a i n s  th ro u g h o u t th e  w orld ; t h i s  su b - 
ty p e  i s  r e f e r r e d  to  as  A prim e in f lu e n z a .  A f u r t h e r  type  o f 
in f lu e n z a  v i r u s ,  in f lu e n z a  C, th a t  was a n t ig e n ic a l ly  d i s t i n c t  
from  e i t h e r  in f lu e n z a  A o r  B was d e s c r ib e d  by T a y lo r  (1949) and 
con firm ed  by F ra n c is  e t  a l . (1950). To t h i s  l i s t  can  be added 
th e  v i r u s  o f  swine in f lu e n z a  (Shope, 1931) w hich, a n t ig e n ic a l ly  
a t  l e a s t ,  f a l l s  in  th e  group in f lu e n z a  A v i r u s e s .  A new type 
o f in f lu e n z a  v i r u s  ap p ea rs  e v e ry  few y e a r s ,  b u t a l i s t  o f  th e  
m ajo r ty p e s  g iv e s  no id e a  o f th e  g r e a t  p l a s t i c i t y  o f th e se  
v i r u s e s .  A com prehensive l i s t  would f i l l  many p a g e s , and 
th e r e  a re  w e ll docum ented r e p o r t s  o f  th e  i s o l a t i o n  o f more 
th a n  one a n t ig e n ic  ty p e  o f  v i ru s  from  a s in g le  lo c a l  o u tb rea k  
(M ag ill and Sugg, 1944; B urnet and S to n e , 1946). The s u r fa c e  
a n t ig e n  o f th e  v i r u s  i s  s t r a i n - s p e c i f i c  w h ile  th e  " s o lu b le ” 
a n t ig e n  p re s e n t  in  th e  t i s s u e s  d u r in g  in f e c t io n  (Hoyle and 
F a i r b r o th e r ,  1937) o r  r e le a s e d  by d is r u p t io n  o f  th e  v iru s  
p a r t i c l e  (H oy le , 1952) i s  ty p e - s p e c i f i c ;  th e re  i s  no common 
a n t ig e n  sh a re d  by th e  A and B g ro u p s: each  p o sse sse s  i t s  own
s p e c i f i c  so lu b le  a n t ig e n .
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Influenza viruses are spherical particles of 80 to 100 mjl 
in diameter (Eiford et al., 1936). A large number of measure­
ments have been made on this virus and the present estimates are 
of the order of 80 mp (Lauffer and Stanley, 1944). Newly 
isolated strains can occur as long filaments (Mosley and 
Wyckoff, 1946), but these forms are largely absent from egg- 
adapted laboratory strains. Electron microscope studies of 
the virus (Hoyle et al., 1961; Horne and Wildy, 1961) show the 
presence of an outer coat of radially orientated rods covering 
the whole surface. Influenza viruses can all be adapted to the 
allantoic cavity of the chick embryo and can be grown to high 
concentrations; they have been purified to a state suitable for 
chemical studies (Hoyle, 1952; Laver, 1962). Chemical analysis 
has shown that the virus is composed, of ribonucleic acid 0.74$, 
protein 62$, lipid 34$ and carbohydrate 3.5$ (Frisch-Niggemeyer 
and Hoyle, 1956). Disruption of the virus particle with ether 
(Hoyle, 1952; Hoyle £t__ al., 1961) or with mild detergent 
(Laver, 1961) yields fragments of approximately one million 
molecular weight. Laver (1962) has shown that all influenza 
strains tested have a single N-terminal amino acid residue, 
aspartic acid. Preliminary studies indicate that the C-terminal 
amino acids are the same for some A strains but differ from the 
B strains. The peptide maps obtained from closely related A 
strains may differ in as few as 2-3 peptides (Laver, 1962). The
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v ir u s  p a r t i c l e  may be p ic tu r e d  th e re fo re  as  a sphere  c o n ta in in g  
many id e n t i c a l  p r o te in  s u b u n i ts ,  su rro u n d in g  a r ib o n u c le ic  a c id  
c o re .  The p a r t  p lay ed  by th e  l i p i d  has no t been  e lu c id a te d ,  
b u t i t  would ap p ea r from  e th e r  and d e te rg e n t tre a tm e n t th a t  i t  
must p la y  some p a r t  in  h o ld in g  th e  s u b u n its  to g e th e r .  The 
b io l o g ic a l  r o le  o f th e  o u te r  zone o f  r a d i a l l y  o r ie n ta te d  rods has 
no t b een  c l a r i f i e d :  i t  may c o n ta in  th e  a n t ig e n ic  a r e a s ,  th e
h a e m a g g lu tin in  and th e  v i r a l  enzyme.
Two p r o p e r t i e s  make in f lu e n z a  v i ru s  p a r t i c u l a r l y  s u i te d  
f o r  th e  s tu d y  of v iru s - a n t ib o d y  in t e r a c t io n :  th e  p o s se s s io n  of
a h a e m a g g lu tin in  and th e  p o s s e s s io n  o f an enzyme ( H i r s t ,  1941, 
1942, 1943 ). B oth o f th e s e  p r o p e r t ie s  can be n e u t r a l iz e d  by 
s p e c i f i c  a n tis e ru m . When v ir u s  i s  mixed w ith  red  b lood  c e l l s ,  
th e  v i r u s  a t ta c h e s  to  th e  g ly c o p ro te in  r e c e p to r s  on th e  re d  c e l l ,  
and p ro v id in g  th e  c o n c e n tra t io n  o f  v i r u s  i s  h ig h  enough, a g g lu ­
t i n a t i o n  ta k e s  p la c e .  The u n io n  betw een v iru s  and th e  re d  c e l l  
i s  no t perm anent however f o r  th e  enzyme, neuram in idase  
(G o tts c h a lk , 1954, 1956) p re s e n t on th e  su rfa c e  o f th e  v i r u s  
cau ses  i t  to  e l u t e .  The c e l l s  so t r e a t e d  a re  no t r e a g g lu t in -  
a b le  by t h i s  v i r u s ,  b u t a re  by v i r u s e s  low er down th e  r e c e p to r  
g r a d ie n t  (B urnet e t  a l . , 1946). The v iru s  on th e  o th e r  hand 
can a g g lu t in a te  a f r e s h  lo t  of c e l l s .  The com bination  betw een 
v iru s  and re d  c e l l  csn  be made perm anent by tre a tm e n t o f  th e  
c e l l s  w ith  d i l u t e  p e r io d a te  (Fazekas de S t .  G ro th , 1949) o r  by
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inactivation of the enzyme (Burnet, 1952). The enzyme action 
of influenza virus on red "blood cells, or on the receptors of 
cells of the lungs or allantois can he simulated hy an exoenzyme 
of several bacterial species (Receptor Destroying Enzyme, R.D.E.) 
and the cells treated are no longer agglutinable (Burnet et al., 
1946).
Serological Reactions of Influenza Virus.
Influenza virus and specific antibody show all the 
standard serological reactions, as well as some which are 
peculiar to this virus.
The virus will combine with antibody to give precipitates
either in saline or in agar (Magill and Francis, 1938; Jensen
and Francis, 1953). These techniques are insensitive as they
require high concentrations of both virus and antibody, and are
thus not as suitable as other techniques for studying virus-
antibody interactions. These techniques are useful for
determining impurities present in virus preparations, and for
locating virus or antibody in immuno-electrophoretic techniques.
*
The development of micro-precipitin tests (Smith et al., 1956) 
and micro gel diffusion tests (Grasset et al., 1956) have 
reduced the quantity of reagents required but like the macro 
techniques they are sensitive to non-specific inhibitors present 
in normal serum (Belyavin, 1957).
The use of inert carriers from which the virus does not
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e lu te  w i l l  in c re a s e  th e  s e n s i t i v i t y  o f a g g lu t in a t io n  te c h n iq u e s  
up to  ICO f o ld .  T rea tm en t o f  th e  re d  c e l l s  w ith  p e r io d a te  
(F azekas de S t .  G ro th , 1949) w i l l  make th e  u n io n  betw een v iru s  
and red  c e l l  perm anen t, and th u s  makes th e  te c h n iq u e  as s e n s i t iv e  
a s ,  and com parable to  th o se  of p a s s iv e  h a e m a g g lu tin a tio n  (Keogh 
e t _ a l* ,  1948; Eoyden, 1951).
Complement i s  f ix e d  when in f lu e n z a  v i r u s  and a n t ib o d ie s  
combine (S m ith , 1936; F a i r b r o th e r  and H oy le , 1937; Lush and 
B u rn e t, 1937) and t h i s  im m unological method has been  u sed  to  
compare a n t ig e n ic  s t r u c tu r e  (H enle e t  a l . ,  1944, 1958; F u lto n , 
1958), and i n  s e r o lo g ic a l  su rv ey s (L ie f  and H en le , I9 6 0 ) .
Complement f i x a t i o n  i s  not s e n s i t i v e  to  th e  n o n -s p e c if ic  
i n h i b i t o r s  o f in f lu e n z a  v i ru s  p re s e n t in  norm al serum .
B esid es  th e  two-com ponent sy stem s, n e u t r a l i z a t i o n  of 
i n t e r a c t i o n  betw een in f lu e n z a  v iru s  and some in d i c a to r  component 
p ro v id e s  f u r t h e r  te c h n iq u e s  f o r  s tu d y in g  v iru s - a n t ib o d y  i n t e r ­
a c t io n .  There a re  s e v e ra l  p o te n t i a l  in d ic a to r  system s th a t  can 
be u se d , each  b ased  on a s p e c i f i c  p ro p e r ty  o f  th e  v i r u s r such as 
i n f e c t i v i t y ,  h a e m a g g lu tin a tio n , t o x i c i t y ,  in t e r f e r e n c e  and 
enzyme a c t io n .
The n e u t r a l i z a t i o n  o f  v i r u s  i n f e c t i v i t y  can be t e s t e d  in  
mice ( H o r s f a l l ,  1 9 3 9 ) ,in  th e  em bryonated egg (B u rn e t, 1940, 1941b), 
i n  s u rv iv in g  t i s s u e s  (F u lto n  and A rm itag e , 1951; Fazekas de S t .  
G roth  e t  a l . , 19E8c) o r  in  p rim ary  c u l tu r e s  o f mammalian c e l l s  
(Lehmann-Grube, 1962 ). The e s t im a t io n  o f n e u t r a l i z a t i o n  in  a l l
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these systems is quantal and is determined by haemagglutination, 
haemadsorption, death of mice or pathological changes in tissue 
cultures or mouse lungs.
Active haemagglutination by influenza virus and the 
specific inhibit ion of this property by antibodies is one of the 
simplest and most rapid techniques in immunology. This tech­
nique suffers from many disadvantages however, and the outcome 
of the test can depend on the species of cells used (Clark and 
Nagler, IS43), the temperature at which the test is carried out 
(Fazekas de St. Groth, 1549$ Tamm, 1954), the previous treat­
ment of the virus (Briody, 1946) or the red blood cells (Stone, 
1947) or even on the red blood cells from different fowls of 
the same breed. Normal and immune sera to influenza virus 
contain "non-specific” inhibitors of virus-haemagglutination 
(Hirst, 1942$ Francis, 1947) of several kinds. Despite all 
these disadvantages, this technique remains of great value when 
studying virus-antibody interactions provided the variables are 
recognised and controlled as much as possible.
Large doses of influenza virus are toxic for mice or 
rabbits (Henle and Henle, 1948$ Mims, 1960$ Kato and Hara, 
1961) and this effect can be neutralized by specific antiserum. 
There is variation in toxicity however from strain to strain 
and the effect depends also on the hosts, so that this method
has not been used for detailed studies of virus neutralization,
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Another test that falls in the same category is the neutraliza­
tion of interfering capacity* When inactivated influenza 
virus is allowed to react with cells it is absorbed, and such 
treatment of susceptible cells will prevent or reduce the yield 
of infectious virus from such cells (Andrewes, 1942; Henle and 
Eenle, 1943, 1945).
Neutralization of the virus enzyme by specific antibody 
offers another method for studying virus antibody interaction.
The virus acts on a wide variety of substrates, ranging in size 
from the red cell, through macromolecules such as ovomucin 
(Gottschalk and Lind, 1949) to small molecules such as 
sialyllactose (Kuhn and Brossmer, 1956). The extent of 
neutralization can be measured by the reduction of the inhibitory 
action on viral haemagglutination, or by reduction of the 
neuraminic acid released by the enzyme (Warren, 1959).
The interaction of Virus and Antibody.
When virus and antibody are mixed together they will 
combine to form complexes:
V + Ab ^  VAb
and at equilibrium the basic model of virus antibody interaction 
(Pazekas de St. Groth et al., 1958b) may be expressed in the 
following way:
(sV-x)(A-x)K x
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where K i s  th e  e q u i l ib r iu m  c o n s ta n t ,  x th e  c o n c e n tra t io n  of 
form ed a n t ig e n -a n t ib o d y  com plexes, S th e  number o f a n t ig e n ic  
s i t e s  p e r  v i r u s  p a r t i c l e  and V i s  th e  c o n c e n tra t io n  of v i r u s .
The s im p l i f i c a t io n s  and c o m p lic a tio n s  m entioned in  th e  
d ip h th e r ia  to x i n - a n t i t o x in  system  a re  a ls o  a p p l ic a b le  h e re . 
However, th e  s im p l i f i c a t io n  o f monovalence o f  an tib o d y  i n  t h i s  
system  i s  more l e g i t i m a te ,  f o r  v i ru s  and an tib o d y  w i l l  form 
a g g re g a te s  o n ly  in  very  c o n c e n tra te d  sy s tem s , arid in  th e  u su a l 
t e s t  system s th e se  c o n d it io n s  do no t o b ta in .
A c o m p lic a tio n  th a t  may a r i s e  i s  i n t e r a c t i o n  betw een 
a n tib o d y  m o lecu le s  on th e  v i r u s  p a r t i c l e .  T h is  problem  can 
a r i s e  on ly  when above 20-25f/o o f  th e  a n t ig e n ic  s i t e s  a re  o ccu p ied , 
and a t  th e s e  c o n c e n tra t io n s  e l e c t r o s t a t i c  i n t e r a c t io n s  occur 
betw een n e ig h b o u rin g  a n tib o d y  m o lecu le s .
A no ther f a c t o r  w hich a f f e c t s  th e  m easurem ent o f  th e  e q u i­
l ib r iu m  c o n s ta n t i s  th e  o ccu rren c e  o f seco n d ary  r e a c t io n s  ( je rn e  
and A vegno, 1956; G ard, 1957; L a f f e r ty ,  I 9 6 0 ; .  D i lu t io n  o r 
r e a c t i v a t i o n  ex p erim en ts  r e v e a l  a sm a ll f r a c t i o n  o f an tib o d y  
m o lecu les th a t  a re  l e s s  d is s o c ia b le  th a n  would be ex p ec ted  from 
th e  p o s i t i o n  of th e  e q u i l ib r iu m  and th e  observ ed  average  r a t e  
o f  a s s o c ia t io n .  As th e  f r a c t i o n  of l e s s  d is s o c ia b le  u n io n s is  
s t r o n g ly  te m p e ra tu re  and c o n c e n tra t io n  d ep en d en t, i t  cannot r e s t  
on th e  h e te ro g e n e i ty  o f  e i t h e r  a n t ig e n  o r a n tib o d y . T h is  type 
o f d e c re a s in g  d i s s o c i a b i l i t y  o f  a n tib o d y  i s  p ro b ab ly  a ls o  due to  
a n tib o d y  p ro x im ity  on th e  v i r u s  p a r t i c l e  b u t can a ls o  be
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explained by combination of each end of the antibody molecule 
with sites on the same virus particle (Lafferty, I960).
As both of these complications occur only at high concen­
trations of antibody, or with prolonged incubation of reactants 
before addition to the indicator system they do not cause 
significant deviation from the simple model when working with 
dilute reagents and short periods of incubation.
Before the measurement of the parameters in the above 
reaction can be attempted, particularly the measurement of K, 
which was defined as the quality of antibody, the validity of 
the basic assumption, i.e. reversibility, must be tested. This 
will form part of the experimental section, and the methods 
developed to permit the measurement of the parameters will be 
presented in detail.
Neutralizing Potency.
When comparing antisera by neutralization tests it has 
been noted that the slope of dose response curves is different 
for sera compared in the same host system (Walker and Horsfall, 
1950; Jerne, 1951). The volume in which the tests is carried 
out also affects the slope of the dose response curve (Fazekas 
de St. Groth et al., 1958c),and hence the results obtained in
different host systems are rendered incommensurable (Tyrell 
and Horsfall, 1953).
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To overcome these difficulties and to enable the practical 
immunologist to make valid comparisons between sera Fazekas de 
St. Groth (1961) has proposed the ’’neutralizing potency” as the 
natural measure by which antisera can be compared. The quantal 
neutralization curve becomes linear with unit slope if plotted 
according to the equation:
where V is the virus input, A is the antibody input, C the number 
of critical sites per virus particle, K the dissociation constant, 
and the constant -0.362, which equals log log e, arising from 
the use of common, rather than natural logarithms.
The bracketed term of this equation is the one which alters 
the slope of the conventional (log A, log V) curves. Here it 
governs the intercept of the dose-response line with the 
abscissa; and as the intercept is that dose of antibody which 
leaves one out of ten infective particles free, it is a logical 
unit of neutralization. If an antiserum is found to contain 
one neutralizing dose when diluted lCf its potency may be 
expressed as the negative logarithm, d, of this dilution.
The neutralizing potency, pN, is given by:
log log V « log A +
pN * log log V - log A 4- log vol
3
where vol stands for volume in cm . This correction for
volume simply enters as an additive term
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The log log plot is linear only as long- as the number of 
antigenic sites remains below the value of the equilibrium 
constant. At high virus inputs the log log plot flattens.
This however is outside the range of doses used in practice.
The pN is a compound of the quality (log C - log K) and the 
quantity (log A) of antibody. Its use overcomes the difficul­
ties set out above and allows direct comparison of antisera, 
always provided the (log log V, log A) plot is linear in the 
region tested. This concept of neutralizing potency will be 
used in comparing antisera prepared in rabbits against a set 
of influenza viruses.
Paper I
NEUTRALIZATION OF ANIMAL VIRUSES. 
III. Equilibrium conditions in the
influenza virus-antibody system
The model o f  v iru s - a n t ib o d y  i n t e r a c t i o n ,  as developed  in  th e  
f i r s t  p ap e r o f t h i s  s e r i e s  ( l ) ,  c o n s is t s  o f  two q u i te  u n e q u a lly  
e s ta b l i s h e d  h a lv e s .  The f i r s t ,  based  on tne  law o f mass a c t io n ,  
t r a n s l a t e s  g e n e ra l ly  acc ep ted  p r in c ip le s  in to  te rn s  of a  b io lo g ic  
sy stem , and s ta n d s  o r  f a l l s  w ith  th e  v a l i d i t y  o f  d ie s e .  The second 
co n ce rn s  a p e c u l i a r ly  b io l o g ic a l  phenomenon, th e  n e u t r a l i z a t i o n  o f 
i n f e c t i v i t y , and a s s e r t s  t h a t  even t h i s  phase can  be f u l l y  and q u a n t­
i t a t i v e l y  accoun ted  f o r  by th e  p n y s ic a i  mechanisms th a t  govern  th e  
a s s o c ia t io n  o f d i s c r e t e  submic ro sc o p ic  e n t i t i e s *
A lthough th e  th e o iy  has been checked a g a in s t  and found to  f i t  
a  s e t  o f d a ta  on p o l io m y e l i t i s  am  W estern  equine e n c e p h a l i t i s  
v i r u s e s  am  t h e i r  a n t io o d ie s  (id), th e  ev id en ce  m ust, by i t s  very  
n a tu re ,  rem ain  la c u n a iy  a s  lo n g  sis th e r e  a re  c r u c i a l  p o in ts  n o t 
covered  by s p e c i f i c a l l y  d es ig n ed  t e s t s .  In  a  se n se , even a  com plete 
argum ent of t h i s  k ind  i s  n e g a tiv e  in  c h a r a c te r :  i t  can  do no more
th a n  show th a t  a  p a r t i c u l a r  h y p o th e s is  i s  n o t c o n t ra d ic te d  by 
e x p e rim e n ta l f a c t s ,  t h a t  i s ,  has  a  r ig h t  to  e x i s t .  Form al p ro o f i s  
in  th e  d e f in i t i o n  and m easurem ent o f  a l l  p a ram e te rs  e n te r in g  the 
r e a c t io n ,  and in  a c c u r a te ly  p r e d ic t in g  what w i l l  happen when s im i la r  
bu t unknown re a g e n ts  a re  b ro u g h t to g e th e r  under g iv e n  c o n d i t io n s .
In  t h i s  p ap e r the f i r s t  seep s a re  made tow ards t h i s  g o a l:  
we s h a l l  show th a t  the system  of in f lu e n z a  v i r u s e s  and t h e i r  a n t i ­
b o d ie s  i s  s u i te d  to  q u a n t i t a t iv e  s tu d ie s  o f n e u t r a l i z a t i o n ,  and th e n  
examine w hether i t  com plies  with, th e  b a s ic  te n e ts  o f  the mass a c t io n
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m odel. In p a r t ic u la r , we s h a l l  tr y  to fin d  out whether equ ilibrium  
i s  reached under co n d itio n s  o f th e  standard t e s t ;  whether d is tu r b ­
ances o f  assumed e q u il ib r ia  are r e v e r s ib le  a t  reasonable r a te s ;  arfL 
whether the system  snows s ig n s  o f g ross inhomogeneity in  i t s  compon­
en ts  .
A ll  experim ents to be d escrib ed  were performed on three  
s tr a in s  o f in f lu e n z a  v ir u s .  The s tr a in  SW(A) was used because in  
our system o f  assay  i t  c lo s e ly  approxim ates the id e a l  ( i . e . ,  an 
eq u iva len ce  between p h y sica l p a r t ic le s  and in fe c t iv e  u n it s ) ;  the 
s t r a in  LKE(B), because by the same c r i t e r i a  i t  i s  f a r th e s t  from the  
id e a l;  and the s tr a in  MEL (A), because i t  i s  in te  m e d ia te  between  
the fo im er two and c r o s s -r e a c ts  s e r o lo g ic a l ly  w ith SW but not a t  a l l  
w ith LEE. S in ce , ap art from a n tig e n ic  in d iv id u a l ity ,  we found no 
b a s ic  d if ie r e n c e s  in  the behaviour o f th ese  s t r a in s ,  a l l  Tables and 
F igures to  fo llo w  w i l l  g iv e  the r e s u lt s  obtained with the s t r a in  SW 
only; the r e s t  o f  the f in d in g s  w i l l  be used in  the companion paper 
to  eva lu a te  some parameters o f n e u tr a liz a t io n .
MATERIALS A I'D METHODS
V in os. The s tr a in s  MEL(A) (3 ) ,  LEECH) (4 ) and SW (s tr a in  
15 o f swine in flu en za ) (5 ) were grown a l la n t o ic a l ly  from d ilu te  seed  
(about 10 -®5q) fo r  40 h r . a t  35°C. The harvested  a l la n t o ic  f lu id s
were pooled , d ilu te d  with two p arts o f Standard Medium (SM) (6 ) ,
-  3 -
ampouled i n  0 .5  ml l o t s ,  s n a p - f ro z e n  i n  a  m ix tu re  o f  s o l id  C0,; and 
m e th an o l, and s to r e d  a t  -70°C . The i n f e c t i v i t y  of such p r e p a ra t io n s  
was found unchanged o v e r  a  p e r io d  o f a t  l e a s t  ore y e a r .
a n t i s e r a . H ea lth y  a d u l t  r a b b i t s  were g iven  50 pg o f p u r i f i e d  
in f lu e n z a  v i r u s  (one cy c le  o f a d s o r p t io n - e lu t io n ,  fo llo w ed  by h ig h ­
speed  sp in n in g )  in t r a v e n o u s ly ,  a  s im i la r  anam nestic  dose 40 , 60 and 
80 days l a t e r ,  and b le d  on days 83, 85, 87 . 8 e ra  were s to re d  w ith o u t 
any p r e s e r v a t iv e  a t  -15°C , and used  i n  the ex p erim en ts  w ith o u t i n a c t ­
i v a t io n .  T h e ir  n e u t r a l i z in g  t i t  re s  rem ained s t a b l e  over a  p e r io d  o f 
a t  l e a s t  a  y e a r .
N e u t r a l iz a t io n  t e s t . The method o f Fazekas de S t.G ro th , 
W ith e ll  and L a f f e r ty  (7) was used  w ith o u t m o d if ic a t io n :  6 x 6 mm
b i t s  o f a l l a n t o i s - o n - s h e l l  were c u t from 11-day W hite Leghorn eggs 
and suspended  i n  0 .3 0  ml SM. The v iru s -a n tib o d y  m ix tu re s , made up 
in  c h i l l e d  SM and p re in c u b a te d  in  an ic e -b a th  f o r  30 m in ., were 
d e l iv e r e d  w ith  s ta n d a rd iz e d  d ro p p in g  p ip e t t e s ,  0 .05  ml p e r  cup o f  
h o s t t i s s u e .  A f te r  an in c u b a tio n  p e r io d  of 64 h r  a t  35°C u rr ie r  
co n tin u o u s  sh ak in g , th e  h o s t  t i s s u e  was removed and a  d rop  (0 .025  ml) 
of 5jo  fow l red  c e l l s  added to each cu p . Complete a g g lu t in a t io n  was 
tak en  as th e  s ig n  o f in f e c t io n ,  and th e  p o in t  o f 50a/o i n f e c t i v i t y  was 
worked o u t by th e  s im p l i f ie d  Heed and Muench p ro ced u re  ( 8 ) .
D i lu t io n  s e r i e s  were u s u a l ly  s e t  up in  tw o fo ld  s te p s ,  w ith  
a t  l e a s t  8 r e p l i c a t e s  p e r d i l u t i o n .  The i n f e c t i v i t y  of the v i r u s
p r e p a r a t io n  vfas checked , along' w ith  each  ex p erim en t, in  d u p l i c a te ;  
one s e t  p u t up "before, th e  o th e r  a f t e r  th e  n e u t r a l i z a t i o n  t e s t .  U nless 
th e se  ue a r ly "  and " l a t e ” c o n t ro l s  w ere found to c o in c id e , th e  t e s t  
was ta k e n  a s  in v a l id .
EXPERIMENTS a n i  DISC U SSIO N  
Scope o f  the T ech n iq u e .
L lr .it a t  i o n s . A lthough the a ssa y  o f  n e u t r a l i z in g  a n t ib o d ie s  
i s  q u a n ta l  i n  n a tu re ,  t h i s  need n o t  d e t r a c t  from i t s  u s e f u ln e s s .  I t  
has oeen shown (7) t h a t  th e  in fo rm a tio n  d e r iv e d  by t h i s  method from 
a  s in g le  egg i s  a t  l e a s t  as much a s  cou ld  be g a in ed  by q u a n t i ta t iv e  
pock o r  p laq u e  co u n tin g  methods a t  th e  same c o s t  i n  tim e and la b o u r .
The i m i t a t i o n s  a re  r a t h e r  more fu n d am e n ta l, and stem from  the  v e r y  
f a c t  o f  e q u i l ib r iu m . S ince in f lu e n z a  v i r u s e s  spend a  r e l a t i v e l y  long  
tim e o u ts id e  the h o s t  c e l l s  b e fo re  engag ing  in  the f i r s t  qycle  of 
m u l t ip l i c a t io n ,  any d if f e r e n c e s  t h a t  may e x i s t  in  th e  d i s t r i b u t i o n  
of f r e e  and n e u t r a l iz e d  p a r t i c l e s  a t  th e  moment o f  ad d in g  the serum - 
v iru s  m ix tu re  to  the  h o s t  t i s s u e  w ould le v e l  out by  the  tim e th e  
average  p a r t i c l e  has been taken up by the c e l l s .  This la c k  of 
k in e t ic  d i f f e r e n c e s ,  d em o n stra ted  e a r l i e r  ( 7 ) ,  re n d e rs  f u t i l e  any 
k in e t ic  experim en t u n le s s  some means o f  quench ing  tn e  r e a c t io n  a t  a  
g iv e n  p o in t  be fo u n d .
Even tne s tudy  o f  e q u i lib r iu m  c o n d itio n s  i s  r e s t r i c t e d  by th e
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demands o f  the h o s t t i s s u e .  W hile i t  i s  p o s s ib le  t o  l e t  v iru s  and 
a n tib o d y  i n t e r a c t  a t  any te m p era tu re  betw een  0 and 40°C w ith o u t 
d r a s t i c  lo s s  i n  i n f e c t i v i t y , the number o f  in f e c t iv e  u n i t s  can n o t 
be e s t im a te d  ov er th e  whole of t h i s  ran g e . Indeed , th e  m u l t i p l i c ­
a t io n  o f  v iru s  w i l l  p roceed  on ly  in  su ch  a  narrow  s e c to r  of te m p e ra t­
u re s  t h a t  th e  d e te rm in a tio n  o f  thermodynamic c o n s ta n ts  i s  a l l  b u t 
b a r re d  to  e x p e rim e n ta l i n v e s t ig a t io n  in  t h i s  sy stem . What rem ains i s  
th e  s tu d y  ol e q u i l i b r i a  by v a ry in g  th e  a b s o lu te  amounts and co n c e n t­
r a t io n s  o f  v i ru s  and a n tib o d y , o r  the com parison  o f q u a n t i t a t i v e l y  
d i f f e r e n t  re a g e n ts  -  h e te ro lo g o u s  a n tig e n s  a rd  s e r a  o f d i f f e r e n t  
o r ig in .
O o m p lica tio n s . The scope o f such  t e s t s  i s  wide enough to  
co v e r m ost q u e s tio n s  l i k e l y  to  be of im portance  i n  immunology. I t  
i s  n e c e ssa ry  however t o  f in d  o u t w h eth er th e  answ ers o b ta in e d  a re  
d i r e c t  o r  co m p lica ted  by sane p e c u l i a r i t y  o f  th e  a ssay  s y s ta n .
I .  One such c o m p lic a tio n  would be the su g g e s te d  dampening 
e f f e c t  o f a n t i s e r a  ( ^ ) . I f  i n  the o r ig in a l  m ix tu re  of v iru s  and 
an tib o d y  a  few p a r t i c l e s  s ta y e d  u n n e u t ra l iz e d ,  th e se  co u ld  go th rough  
a c y c le  o f m u l t i p l i c a t i o n .  The y ie ld ,  added  to  v i ru s -a n t ib o d y  
com plexes s t i l l  p re s e n t  in  the  medium, would be reduced  by com bining 
w ith  a n tib o d y , and o n ly  a  f r a c t i o n  o f  i t  cou ld  i n i t i a t e  a  second 
cy c le  o f  m u l t ip l i c a t io n .  The th i r d  g e n e ra t io n  o f p a r t i c l e s ,  exposed 
to  the  same h a z a rd , would l ik e w is e  f a i l  to  grow a t  f u l l  r a te ,  and i t
a
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i s  ea sy  to  see  t h a t  u n d e r c e r t a i n  c o n d it io n s  th e  t e s t  would r e g i s t e r  
as n e g a tiv e  n o t because  th e  v i r u s  was f u l l y  n e u t r a l iz e d ,  b u t becau se  
i t s  r a t e  of m u l t i p l i c a t i o n  has been  c u t  down. We exam ined t h i s  
q u e s tio n  when the tech n iq u e  was b e in g  d ev e lo p ed ; th e  answ er s t r o n g ­
ly  su g g es ted  th a t  i f  any  dampening' e x i s te d ,  i t  was q u i t e  n e g l ig ib le  
in  our system  o f a s s a y .  S ince  th e  p o in t  i s  fundam ental to  l a t e r  
i n t e r p r e t a t i o n s ,  we sough t fo rm a l p ro o f i n  th e  fo llo w in g  ex p erim en t.
S e v e ra l t r a y s  o f  s u rv iv in g  b i t s  o f a l l a n t o i s - o n - s h e l l  were 
in o c u la te d  w ith  a  s e t  o f v i ru s - a n t ib o d y  m ix tu re s  made up in  b u lk .
At v a r io u s  tim es a f t e r  in o c u la t io n  th e  b i t s  o f a  few  t r a y s  were 
p icked  up one by one w ith  f in e  fo rc e p s ,  r in s e d  in  2 .5  ml of S tan d ard  
Medium, and t r a n s f e r r e d  to  th e  c o rre sp o n d in g  cup o f a n o th e r  t r a y  
f i l l e d  w ith  SM. To en su re  t h a t  the y ie ld  o f even a  s in g le  in f e c t iv e  
u n i t  would r e g i s t e r  as p o s i t i v e ,  t h i s  l a t t e r  s e t  o f t r a y s  a l s o  
re c e iv e d  a  f r e s h ,  u n in fe c te d  b i t  o f t i s s u e  i n  each cup and was 
in c u b a te d  f o r  two days from the tim e o f t r a n s f e r .  (T able i )  •
The n e u t r a l i z in g  t i t  re s  a re  the  same w h e th e r  an tib o d y  i s  
p re s e n t  th ro u g h o u t th e  t e s t  o r  i s  removed b e fo re  th e  end of the f i r s t  
i n t r a c e l l u l a r  c y c le .  S ince  the ab sen ce  o f  f r e e  v i r u s  can n o t be 
blamed on th e  co n tin u ed  p re sen ce  o f a n tib o d y , the  c o n c lu s io n  seems 
in e v i ta b le  th a t  w i th in  an hou r o f  coming in to  c o n ta c t  w ith  h o s t  
c e l l s  th e  i n f e c t iv e  p a r t i c l e s  a re  e i t h e r  n e u t r a l iz e d  by an tib o d y  o r  
have e n te re d  on a  c o u rse  o f unimpeded m u l t i p l i c a t i o n .
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EXCESS ANTIBODY ADDED (hours after infection)
F ig u re  1 Absence of dampening e f f e c t :  D em o n stra tio n  by
ad d in g  ex ce ss  an tib o d y  d u r in g  v i r a l  m u l t i p l i c a t i o n .
The broken l i n e s  r e p re s e n t  th e  n e u t r a l i z in g  t i t r e s  
i n  a  s ta n d a rd  assay  w ith  s in g le ,  double and quad­
ru p le  doses o f a n tib o d y . The e x p e rim e n ta l p o in ts  show 
th e  d i f f e r e n c e ,  in  log^^  u n i t s ,  from the s in g le  dose 
when d o u b lin g  ( c i r c l e s )  o r  q u ad ru p lin g  (d o ts )  th e  amount 
o f a n tib o d y , a t  th e  tim es g iv e n  on th e  a b s c is s a .
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II. The same p o in t  can  a ls o  be te s t e d  by  an  a l t e r n a t i v e  
m ethod. H ere ex ce ss  an tib o d y  i s  g iv e n  a f t e r  th e  i n i t i a l  v i r u s - c e l l  
c o n ta c t  has ta k e n  p la c e .
M ix tu re s  o f v i r u s  and a n tise ru m  were made up in  b u lk , p r e ­
in c u b a te d  f o r  h a l f - a n - h o u r  a t  0°C, and th e n  in o c u la te d  in to  cups o f  
SM c o n ta in in g  b i t s  o f 11-day a l l a n t o i s - o n - s h e l l .  A f te r  in t e r v a l s  
ra n g in g  from  1 to  24 h r s  a p p ro p r ia te  d i l u t i o n s  o f the an tise ru m  were 
added in  th e  fo im  o f 0 ,025  ml d ro p s  to  each  cup, r a i s i n g  the  c o n c e n t­
r a t i o n  o f an tib o d y  to  doub le  and fo u r fo ld  r e s p e c t iv e ly  in  term s o f 
th e  c o n t ro l s  w hich re c e iv e d  th e  same volume o f SM in s te a d .  The 
t r a y s  were re p la c e d  on th e  sh ak in g  m achine, and th e  t e s t  was read  
a f t e r  64 h rs  o f in c u b a t io n .  From p re v io u s  knowledge o f t h e i r  p o te n t -  
cy , s e r a  were used  a t  such c o n c e n tra t io n s  th a t  a  tw ofo ld  in c re a s e  
would co rresp o n d  to  an a p p ro x im a te ly  e ig h t f o ld  in c re a s e  i n  the 
number o f  in f e c t iv e  u n i t s  n e u t r a l iz e d ,  i . e .  even the g r e a t e s t  e f f e c t  
would be somewhat le s s  th a n  the  c y c l ic  in c rem en t o f in f lu e n z a  v i r u s e s .  
F ig u re  1 g iv e s  th e  r e s u l t s  o f  one such t e s t .
W ith in  s t a t i s t i c a l  v a r i a t i o n  the e x p e r im e n ta l p o in ts  a re  
in d i s t in g u is h a b le  from  th e  c o n t r o l s ,  show ing -  now i n  a  p o s i t iv e  
fa s h io n  -  t h a t  even a l t e r  one h o u r ’s c o n ta c t  w ith  s u s c e p t ib le  c e l l s  
th e  f a t e  o f  the  i n i t i a l  v ir u s - a n t ib o d y  complex i s  s e t t l e d ,  and th e re  
i s  l i t t l e  th a t  m odest q u a n t i t i e s  o f a d d i t io n a l  a n tis e ru m  can  d o .
In  l a t e r  work i t  w i l l  be shown t h a t  the dam pening e f f e c t ,  
t h e o r e t i c a l l y  p o s s ib le ,  may be d em o n stra ted  under v e iy  s p e c ia l  
c irc u m stan c es  and may even  se rv e  to  d ec id e  c e r t a i n  i s s u e s .  In  the
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p a r t i c u l a r  type  o f  a s sa y  used  in  th e se  s tu d ie s  th e  n e c e s s a ry  cond­
i t i o n s  a re  n e v e r  r e a l i z e d ,  and th e  phenomenon i s  not se e n .
I I I .  There i s  a n o th e r  so u rce  o f p o t e n t i a l  c o n fu s io n  bound 
up w ith  the  anatomy o f the h o s t  sy stem . Some c e l l s  o f th e  a l l a n t o i c  
end o th eliu m  do no t re a c h  th e  f r e e  su r fa c e  (9 ) ,  b u t a re  co n tig u o u s  o v er 
a  la rg e  a re a  w ith  d i r e c t l y  i n f e c t i b l e  c e l l s .  I f  i n f e c t io n  of th e  
to p  la y e r  cou ld  sp read  e i t h e r  l a t e r a l l y  to  o th e r  c e l l s  o r  by way o f 
th e  u n d ern ea th  la y e r ,  an i n f e c t iv e  p a r t i c l e  e n te r in g  a s u s c e p t ib le  
c e l l  would s t a r t  a p ro c e s s  which cou ld  end on ly  in  th e  ev en tu a l 
in f e c t io n  o f  a l l  c e l l s ,  i r r e s p e c t iv e  o f w hether l a t e r  a n tib o d y  i s  
added to  th e  system  o r  n o t .  T h is  p r o p o s i t io n  can  be te s te d  d i r e c t l y  
by in o c u la t in g  t r a y s  w ith  d i f f e r e n t  d o ses  o f  v i r u s  ard. th e n  ad d in g  
a p p ro p r ia te  d o ses  o f an tise ru m  a t  v a r io u s  p e r io d s  a f t e r  i n f e c t io n ,  
buch experim en ts  have been  p erfo rm ed , and th e  r e s u l t s  of one a re  
g iv e n  i n  d e t a i l  (T ab le  I I ) .
The m ain c o n c lu s io n  i s  t h a t  a n tise ru m  added w e ll a f t e r  
i n f e c t io n  i s  cap ab le  of s to p p in g  th e  p ro c e s s , and b r in g in g  about 
com plete n e u t r a l i z a t i o n  n o t on ly  o f  th e  v i r u s  in o c u la te d  b u t a l s o  o f 
i t s  numerous o f f s p r in g .  The mechanism o f th i s  e f f e c t  i s  n o t re v e a le d  
by th e  ev idence  in  T ab le  I I ,  bu t some of th e  p o s s i b i l i t i e s  a re  more 
l i k e l y  th a n  o th e r s .
I t  cou ld  be t h a t  a n tib o d y  e n te re d  c e l l s  and n e u t r a l i z a t i o n  
took  p la c e  in s id e  th e  cy to p lasm . A part from g e n e ra l b io lo g ic a l
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o b je c t io n s  based on th e  d is t r ib u t io n  o f la b e l le d  a n t ib o d ie s  in  v iv o  
as w e ll as th e  s t r u c tu r e  ana fu n c tio n in g ’ o f  th e  cy top lasm , the  
chance o f t h i s  happen ing  i s  d en ied  by th e  l e f t  hand s id e  of Table 
I I .  I f  an tib o d y  was aaded s im u lta n e o u s ly  w ith  o r v e ry  soon a f t e r  
th e  v i r u s ,  i t s  e f f e c t  was ra u h e r  l e s s  th a n  when the two were mixed 
in  v i t r o . I t  seems t h a t  once an in f e c t iv e  p a r t i c l e  has a t ta c h e d  
i t s e l f  to  i t s  f u tu r e  h o s t  c e l l ,  c o n s id e ra b ly  more an tib o d y  i s  needed 
to  n e u t r a l i z e  i t .  I f  n e u t r a l i z a t i o n  c o u ld  p roceed  o r , indeed , 
s t a r t  i n t r a c e l l u l a r l y ,  no such d i f f e r e n c e  shou ld  be p r e s e n t .
I f  an tib o d y  perm eated  th e  whole o f th e  endo th e liu m , t h a t  i s ,  
e n te re d  th e  i n t e r c e l l u l a r  sp aces  bo th  betw een n e ig h b o u rin g  c e l l s  
and betw een th e  to p  and bottom  la y e r s ,  the  f i n a l  r e s u l t  cou ld  be as 
found in  th e  e x p e rim e n t. In  t h i s  c a se  however one shou ld  a ls o  
assume th a t  n o t on ly  f r e e  an tib o d y  b u t a lso  form ed v i ru s - a n t ib o d y  
com plexes m ight be p re s e n t  in  t h i s  sp ace , and th e se  would d i s s o c ia te  
under c o n d it io n s  o f th e  t e s t  shown i n  T a b le l ,  w ith  the  r e le a s e  o f 
once more in f e c t iv e  v i r u s .  The r e s u l t s  show t h a t  t h i s  i s  n o t th e  c a s e .
The rem ain ing  p o s s i b i l i t y ,  the s im p le s t  o f the  th r e e ,  i s  
th a t  v i r u s  y ie ld e d  by one c e l l  e n te r s  th e  medium b e fo re  f in d in g  i t s  
way to  an o th e r ,  y e t  u n in fe c te d  c e i l .  T h is i s  th e  o rthodox  view , 
and th e  one most n a t u r a l l y  f i t t i n g  th e  o b s e rv a tio n s  o f T ab le  I I .  
A cco rd ing ly  n e u t r a l i z a t i o n  is  an e x t r a c e l l u l a r  p ro c e ss  and the h o s t 
t i s s u e  i s  to  be reg a rd ed  m erely  as an i n d i c a to r  system  by which th e
10 -
presence of free virus particles may be detected. In these terns 
the complication of iateral spread would be absent from our method 
of assay.
The experiment provides also a direct argument in support of 
this view. The longer after infection antibody is added, the more 
of it is needed to bring auout neutralization. This additional dose 
of antibody can be expressed in terms of an increase in the amount 
of virus to be neutralized. These values - the product of log extra 
serum and log slope of the dose-response curve - are shown in the 
last row of Table II. The close quantitative agreement between 
these figures and an allantoic growth curve of influenza viruses is 
evident. It means that once the virus in the allantoic fluid nas 
been rendered non-infective, the process of multiplication in the 
tissue also comes to an end.
The aissociation of formed virus-antibody complexes
It has been shown repeatedly, both in mice (10, 11) and eggs 
(l2, Id) that neutralized influenza virus can be reactivated either 
by diluting the virus-anti body mixture or by adding some killed homo­
logous virus. The validity of this evidence has been queried on 
technical grounds (2), although never refuted experimentally. That 
these objections are without foundation follows from the above 
findings, since the continued presence of antibody does not affect 
the results of a quantal neutralization test, and the assay measures 
the total number of infective units in the systen, and not only those
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w hich a re  s h e l te r e d  from  an tib o d y  by p h y s ic a l  b a r r i e r s .  The f in d in g s  
in  o u r system  o f a s sa y  a re  in  g e n e ra l agreem ent w ith  p u b lish e d  
e v id e n c e ; th e re  a re  how ever c e r t a i n  a s p e c ts  w hich do n o t seem to  
have b een  c o n s id e re d  p re v io u s ly ,  o r  a t  l e a s t  n o t in v e s t ig a te d  
expe r im e n ta l ly .
The c l a s s i c a l  d e s ig n  f o r  d is c r im in a t in g  betw een r e a d i ly  
r e v e r s io le  and i r r e v e r s i b l e  a n t ig e n -a n t ib o d y  u n io n  i s  due to  banysz 
(1 4 ) . Because of th e  im portance o f in fo rm a tio n  o b ta in a b le  from 
t e s t s  o f t h i s  k in d , s e v e ra l  la rg e  ex perim en ts  were perform ed on 
th e  s t r a i n s  SW, MEL and LEE. One, u s in g  SW and hyperimmune r a b b i t  
a n tise ru m  i s  d e sc r ib e d  i n  d e t a i l .
As c o n t ro ls ,  te n  d i l u t io n s  o f  an tise ru m  (1 /200  to  1/100000) 
were mixed w ith  eq u a l volum es o f  fo u r  v i r u s  d i l u t io n s  (3 to  3000 
E)go) 9 P °s s i bl e c o m b in a tio n s , S ix te e n  r e p l i c a t e  b i t s  o f h o s t
t i s s u e  we re in o c u la te d  w ith  each o f th e se  m ix tu re s , e i t h e r  w ith in  
f iv e  m inu tes o f b r in g in g  v i r u s  and an tib o d y  to g e th e r  ( " e a r ly  c o n t ro l s " )  
o r  a f t e r  120 m in u te s ' in c u b a tio n  a t 0°C ( " l a t e  c o n t r o l s " ) .  The f i r s t  
of th e  m ain e x p e rim e n ta l g roups c o n s is te d  o f the  f u l l  volume o f  serum 
d i l u t io n s  to  w hich 1 /12  o f  th e  f u l l  v i r u s  dose was added ev ery  te n  
m in u te s . The tu b es  were th o ro u g h ly  shaken  a f t e r  each a d d i t io n ,  arri 
re tu rn e d  to  the i c e - b a th .  The second group re c e iv e d  th e  f u l l  volume 
o f serum and l / 3  o f  the  f u l l  v i ru s  dose ev ery  fo ru y  m in u te s . Groups 
3 and 4 were th e  r e v e r s e :  to  th e  f u l l  volume of v i r u s  i / l 2  o r  1/3
log ANTISERUM
F ig u re  2 Danysz expe r im e n t•
0
e
0
: f u l l  q u a n t i ty  o f v i r u s  ana a n tib o d y  m ixed
d i r e c t l y  ( c o n t r o l s ) ;
: 1 /3  q u a n t i ty  o f v iru s  added to  f u l l  q u a n t i ty
o f a n tib o d y , a t  40 m in. i n t e r v a l s ;
s l / l 2  q u a n t i ty  o f v iru s  added to  f u l l  q u a n t­
i t y  o f an tib o d y , a t  10 m in . i n t e r v a l s ;
: l / 3  q u a n t i ty  o f a n tib o d y  added to  f u l l  quan t
i t y  o f v i r u s ,  a t  40 m in. i n t e r v a l s ;
e 1/12  q u a n t i ty  o f an tib o d y  added to  f u l l
q u a n t i ty  o f  v i r u s ,  a t  10 m in . i n t e r v a l s .
Ir­
respectively of the full antibody dose was added every ten or forty 
minutes* At the end of the second hour 0.05 ml of each mixture was 
inoculated into 16 replicate cups containing a bit of membrane-on- 
shell, and the test read after three days* incubation at 35°C.
The infectivity of the virus was tested in 32 bits of tissue per 
half-log dilution, both at the beginning and at the end of the test*
(Figure 2.)
If dissociation of formed viius-antibody complexes is slow 
or absent, the groups to which virus was added in small instalments 
should show much higher infectivity (i.e. lower neutralizing power 
of the serum) than either the two control groups or the test groups 
which received the antiserum fractionally. This is expected because 
the full dose of antibody would combine with the small initial doses 
of virus in multiple proportions and, unless it could dissociate, 
not enough would be left to neutralize the last doses of virus.
If on the other hand, dissociation can occur, with every 
addition of virus or antibody a new equilibrium will be established 
and the final conditions will be the same in all six groups since 
the final concentrations of the reagents are the same, although 
reached by different routes. The experimental results are compatible 
only with the latter mechanism. At each concentration of serum the 
neutralizing titres were the same, irrespective of whether the 
reagents were mixed at the beginning of the experiment and added 
to the medium of the host tissue immediately, or after two hours’
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d e la y , o r  w h eth er th e  c o n c e n tra t io n  o f  one o r  th e  o th e r  was g ra d u a l ly  
changed o v e r  a  p e r io d  o f  two h o u rs . The d i f f e r e n c e s  observed  a re  
a l l  w ith in  th e  bounds o f  random v a r i a t i o n  and th e r e  i s  no t r e a d  
d e t e c ta b le .
That th e  experim en t a c t u a l l y  te s t e d  d i s s o c i a t i o n  o f  fonned  
com plexes w ith  re -e s ta b l is h m e n t  o f  e q u i l i b r i a ,  and  no t tn e  m onotonic 
approach  to  th e  f i n a l  e q u i l ib r iu m , sh o u ld  be c l e a r  on remembering 
t h a t ,  f o r  a l l  p r a c t i c a l  p u rp o se s , th e  f i n a l  n e u t r a l i z in g  t i t r e  was 
reached  w ith in  f iv e  m inu tes  a f t e r  b r in g in g  th e  re a g e n ts  to g e th e r  in  
v i t r o  (T able I I ) ,  and t h a t  the  s i t u a t i o n  d id  not change a p p re c ia b ly  
betw een th e  1 s t  and 24 th  h o u r a f t e r  in o c u la t io n  in to  th e  h o s t 
system  (T able l ) .
In  g e n e ra l ,  th e n  d i s s o c i a t i o n  i s  c l e a r iy  p re s e n t  u n d er a l l  
c irc u m sta n c e s  where i t  can  be re a so n a b ly  e x p e c te d . The p ro c e ss  may 
no t go to  co m p le tio n  u n d er s p e c ia l  c o n d i t io n s ,  as has b een  amply 
no ted  in  th e  l i t e r a t u r e ;  th e  mechanisms u n d e r ly in g  t h i s  secondary  
tre n d  w i l l  be t r e a te d  i n  a  s e p a ra te  p a p e r .  But to  f i r s t  app rox im at­
io n , bo th  f o r  p r a c t i c a l  p u rp o ses  a id  f o r  the i n v e s t ig a t io n  of the 
more b a s ic  a s p e c ts  of v iru s -a n tib o d y  in t e r a c t i o n ,  th e  p rim ary  n e u t r a l  
complex i s  to  be reg a rd ed  as r e v e r s ib l e .
P r a c t i c a l  consequences o f  d i s s o c i a t i o n
Volume e f i e c t s . As has b een  a lre a d y  observed  when d e v e lo p in g  
th e  tech n iq u e  of th e  n e u t r a l i z a t i o n  assay  (7 ) ,  the  volume in to  which
Figure 3 Relationship between the volume effect and the 
dose of virus neutralized.
Plot of Equation 2, in the foira (d, log V). The 
dilution factor, ä , is used as abscissal scale.
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th e  v i r u s - a n t ib o d y  m ix tu re  i s  in j e c te d  has an in f lu e n z a  b o th  on the 
en d p o in t o f n e u t r a l i z a t i o n  and on th e  shape o f the d o se -re sp o n se  
c u rv e . T h is  phenomenon i s  a  c o r o l l a r y  o f th e  mass a c t io n  model o f  
v i ru s - a n t ib o d y  i n t e r a c t i o n ,  and i s  p a r t i c u l a r l y  s t r i k i n g ’ i n  q u a n ta l  
a s s a y s .  The s u rv iv in g  f r a c t i o n  ( lo g  r e s id u a l  ID - lo g  in n u t ID ) 
i s  d i r e c t l y  p r o p o r t io n a l  to  th e  f r a c t i o n  o f v i ru s  n o t n e u t r a l i z e d ,  
lo g  V/'V0 , T ak ing  th e  s im p le s t  s e t  o f assum ptions ( c f .  E q . 2 ,1 2  o f 
the t h e o r e t i c a l  p a p e r  ( l ) ) ,
l o g i - o  log(i-Jn), 1
where c i s  th e  number o f  c r i t i c a l  s i t e s  p e r p a r t i c l e ,  £  the t o t a l
number o f  a n t ig e n ic  s i t e s  p e r  p a r t i c l e ,  and y; th e  number o f  a n t ig e n -
a n tib o d y  com plexes p e r  u n i t  volume.
I f  a  q u a n ta l  a s s a y , where V s  l  ID by d e f i n i t i o n ,  i soO 7
perfo im ed  w ith  the same re a g e n ts  in  two d i f f e r e n t  t e s t  volum es,
log v0 = ^  ( l o g g | -  + l o g | = | ) . 2
Here v  i s  th e  s m a l le r  t e s t  volum e, ^  i s  the  r a t i o  of th e  two t e s t '  
volum es, and d i s  th e  r a t i o  o f th e  two d oses of a n tib o d y  needed 
f o r  n e u t r a l i z a t i o n  in  th e  two t e s t s .
F ig u re  3 i s  th e  p lo t  of Eq. 2 , in  the form o f  log  as a  
fu n c tio n  o f d . Two im p o rta n t f e a tu r e s  o f  t h i s  r e l a t io n s h ip  a re  
im m ediately  e v id e n t .  F i r s t ,  t h a t  a t  low v i r u s  in p u t th e  curve asymp­
t o t i c a l l y  approaches , i . e . ,  th e  r a t i o  o f n e u t r a l i z in g  t i t r e s  betw een
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th e  two system s w i l l  eq u a l th e  r a t i o  of t h e i r  volum es. Second,
th a t  a t  v e ry  h ig h  v im s  in p u t th e  r a t i o  o f  th e  e n d p o in ts  w i l l  approach
u n i ty ,  i . e . ,  th e  same amount o f a n tib o d y  w i l l  be needed to  n e u t r a l i z e
a  g iv e n  in f e c t iv e  dose i r r e s p e c t iv e  o f th e  t e s t  volum e. The sw ing-
c -1
o v er o ccu rs  ax th e  l e v e l  wnere Vq c = v /sK , and w i l l  o b v io u s ly  v a ry  
w ith  the t e s t  volume, th e  n a tu re  of th e  v i r u s ,  ana th e  n a tu re  o f  the 
v ir u s - a n t ib o d y  u n io n . There m ight be system s where th e  whole of 
th e  range t h a t  can  be in v e s t ig a te a  e x p e r im e n ta lly  f a l l s  on one o r  
th e  o th e r  a sy m p to tic  limb of tn e  c u rv e . These a re  th e  s i tu a t io n s  
w hich co u ld  le a d  to  a l t e r n a t e  a f f i r m a t io n  and d e n ia l  of th e  mass 
a c t io n  m odel, each  on e q u a l ly  sound p a r t i a l  ev id en ce . The re a g e n ts  
we have been  u s in g  in  th e s e  s tu d ie s  a re  of such kind  t h a t  bo th  
lim os as w e ll as  th e  c e n t r a l  re g io n  of th e  cu rv e  may be observ ed  
e x p e r im e n ta lly .  One ty p ic a l  t e s t  w i l l  be g iv e n  to  d em o n stra te  t h i s  
b e h a v io u r.
P a r a l l e l  s e r i e s  o f  a n t is e ru m -v iru s  m ix tu re s  were made up in  
p l a s t i c  t r a y s  c o n ta in in g  0 .3 5 , 1 .05  o r  2 .1 0  ml o f S ta rd a id  Medium 
p e r  cup, and in c u b a te d  f o r  4 hours a t  room te m p e ra tu re . (T his tim e, 
as e s ta b l is h e d  i n  p re l im in a ry  e x p e rim en ts , was abou t tw ice t h a t  needed 
to  o b ta in  maximal n e u t r a l i z a t i o n  in  th e  l a r g e s t  t e s t  v o lum es.) B it s  
o f a l l a n t o i s - o n - s h e l l  were th e n  added to  each  cup , and the t r a y s  
p la ced  on th e  sh ak in g  m achine f o r  th re e  d a y s ' in c u b a tio n  a t  35°C.
The n e u t r a l iz in g  t i t r e s  f o r  each  serum d i l u t i o n  were d e term ined , and 
th e  d -v a lu e s  c a lc u la te d  and p lo t te d  a g a in s t  the co rre sp o n d in g  tog
F ig u re  4 The volume e f f e c t .
S tan d ard  n e u t r a l i z a t i o n  t e s t s  were perform ed  i n  
f i n a l  volum es o f 0 .3 5 , 1 .05  and 2 .1 0  ml r e s p e c t iv e ly ,  tn u s  
f ix in g  th e  v a lu e s  o f  ^  a t  2, 3 and 6 . The d o ts  show th e  
mean d -v a lu e s  co rre sp o n d in g  to  th e  i n f e c t iv e  dose on 
th e  o r d in a te ,  and th e  shaded a re a  r e p r e s e n ts  th e  95c/o 
co n fid e n ce  l i m i t s .  The th e o r e t i c a l  cu rve  i s  th a t  o f F ig .  3 .
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virus input. Since each pair of volumes defines a complete (d, log 
lo) plot, Figure 4 contains all three of these.
The experimental means carry unusually large errors. This 
is due, almost entirely, to the use of a ratio d, as statistical 
estimator. It will be shown later that the basic relationship can 
be plotted in another, perhaps less dramatic form, which is not 
subject to such unsteadiness. Even so, the trend is unmistakeable, 
and the experimental and theoretical curves do not differ significant­
ly, both arguing for the correctness of the dissociation hypothesis 
and stressing the importance of the volume effect in practical assays. 
From the knowledge of this relationship the results of one type 
of test may be transformed into another. Clearly, there is no 
difference in principle between tests in surviving bits and in the 
whole allantois; the only other published evidence of neutralization 
tests in different test volumes (l5) would indicate that the same laws 
hold also for similar assays in tissue cultures.
The consideration which led to Eq. 2 and Figure 4 will be 
further developed and used for the estimation of some of the para­
meters in the companion paper.
Effects of non-infective virus. The second aspect of the mass 
action model of practical importance concerns the combination of 
antibody not only with infective particles but also those elementary 
bodies which were either "incomplete" from the start or have 
been rendered non-infective naturally by theimal inactivation or
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a r t i f i c a i l y  by some o th e r  means. I t  i s  known th a t  a l l  p re p a ra t io n s  
o f in f lu e n z a  v i r u s e s  have more p a r t i c l e s  v i s i b l e  u nder th e  e le c t r o n  
m icroscope th a n  th e re  a re  in f e c t iv e  u n i t s .  W ith f r e s h  p re p a ra t io n s  
th e  r a t i o  oi i n f e c t iv e  to  c o u n ta b le  p a r t i c l e s  i s  f a i r l y  c o n s ta n t , 
and i t  has been  shown (8 , 16) t h a t  m ost i f  n o t a l l  of the d i s c r e p ­
ancy can be acco u n ted  f o r  by th e  i n s u s c e p t i b i l i t y  of h o s t  c e l lb .
As th e  l a t t e r  p ro p e r ty  v a r ie s  from  h o s t to  h o s t ,  i t  fo llo w s  th a t  th e  
i n f e c t iv e  to  n o n - in ie c t iv e  r a t i o  o f even the  same v i iu s  p re p a ra t io n  
may v a ry  from t e s t  to  t e s t .  I f  we f u r t h e r  suppose , as i s  l i k e ly ,  
t h a t  n o t a l l  v i r u s  seeds a re  p re p a re d  and k ep t u n d e r o p tim a l cond­
i t i o n s ,  th e  v a r i a t i o n  in  th e  r a t i o  of in f e c t iv e  to  non-in f*ec tive  
p a r t i c l e s  em erges a s  a  f a c t o r  cap ab le  o f ca u s in g  im p o rta n t d i f f e r e n c e s  
in  n e u t r a l i z a t i o n  t e s t s .
A ccording to  th e  mass a c t io n  m odel, th e  p resen ce  o f non- 
in f  e c t iv e  p a r t i c l e s  would a l t e r  th e  b a s ic  e q u a tio n s  in  th e  follow ing- 
m anner. E q u a tio n  1 becomes
-  o 3
where n i s  the num ber of n o n - in f e c t iv e  p a r t i c l e s  f o r  each in f e c t iv e  
u n i t ,  A lthough Eq, 3 c o m p le te ly  d e f in e s  the  e f f e c t  of n o n - in f e c t iv e  
v i r u s  w ith in  th e  framework o f  the  model adop ted  f o r  tlie n e u t r a l i z a t i o n  
p ro c e s s ,  i t  does so i n  t e r n s  of the  f r a c t i o n  o f a n t ig e n ic  s i t e s  
occupied  by a n tib o d y . T h is  i s  a  m a th e m a tic a lly  c o n v e n ie n t form ,
log [A]
F ig u re  5 The e f f e c t  o f n o n - in f e c t iv e  v i r u s  on n e u t r a l ­
i z a t i o n .  E q u a tio n  3 i s  so lv e d  f o r  y , g iv in g
c-1  1
lo g  A = lo g  [ k“ 1 + s (n + 1) V0 ° ']+ lo g  [v0 C - l ]  3a 
For th e  p a r t i c u l a r  fa m ily  o f cu rv es , p lo t te d  as (logA, 
logV ), th e  e q u i l ib r iu m  c o n s ta n t  K i s  s e t  a t  1 0 ~ ^ ,  and th e  
number o f c r i t i c a l  a n t ig e n ic  s i t e s  c a t  100 per p a r t i c l e .
The v a lu e  o f  th e  v a r ia b le  lo g  [ s ( n  + l ) |  ap p ea rs  on th e
c u rv e s .
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bu t g iv e s  l i t t l e  d i r e c t  in s ig h t  in to  th e  b e h a v io u r  of the more con­
v e n t io n a l  p a ra m e te rs  o f th e  r e a c t io n ,  namely th e  q u a n t i ty  of i n f e c t ­
iv e  d o ses  to  be n e u t r a l iz e d  and th e  c o n c e n tra t io n  of an tibody  
p r e s e n t .  We have th e re fo re  programmed a  d i g i t a l  com puter to  so lv e  
E q. 3 f o r  a wide range of a i l  p a ra m e te rs  e n te r in g  the p ro c e s s , and 
one fa m ily  o f such  t h e o r e t i c a l  n e u t r a l i z a t i o n  cu rv es  i s  p lo t te d  in  
F ig u re  5 .
The s t r i k i n g  f e a tu r e  of tn e se  c u rv e s  i s  t h a t  t h e i r  low er
lim bs o v e r la p , i . e . ,  a re  in d ep en d en t o f  th e  number o f  n o n - in f e c t iv e
p a r t i c l e s  in tro d u c e d  in to  th e  sy stem . The re a s o n  f o r  t h i s  i s
e v id e n t from  th e  f u n c t io n a l  form  o f  Eq. 3 a : a t  low v iru s  in p u t ,
and as long  aa s (n + l;V  c i s  n e g l ig ib le  compared to  K , the  f i r s t
term  w i l l  reduce to  a  c o n s ta n t ,  -logK . The h ig h e r  the  p ro p o r t io n
of n o n - in f e c t iv e  p a r t i c l e s  in  the  t e s t  inoculum  the  sooner the
n e u t r a l i z a t i o n  cu rv e  f l a t t e n s ,  th a t  i s ,  the so o n e r  th e  f i r s t  term o f
Eq, 3a becomes dom inan t. At v e ry  h ig h  v i r u s  in p u ts ,  when 
c -1
K~J<< s(n + l)V  , a l l  cu rv es  run  p a r a l l e l ,  w ith  a  s lo p e  very  c lo se  
to  u n i ty .  The f r a c t i o n  o f  n o n - in f e c t iv e  p a r t i c l e s  a f f e c t s  h e re  o n ly  
the  e x t r a p o la te d  i n t e r c e p t  w ith  the o rd in a te .
P re d ic t io n s  on th e  e f f e c t  o f n o n - in i 'e c t iv e  p a r t i c l e s ,  as 
s ta t e d  i n  Eq. 3a, can  be r e a d i ly  t e s t e d  in  th e  in f lu e n z a  v i r u s - a n t i -  
body system , by com paring e x p e rim en t w ith  th e  cu rv es  of F igu re  5 .
For such t e s t s  v i ru s  p r e p a r a t io n s  were in a c t iv a te d  by u l t r a v i o l e t
log ANTISERUM
F igu re  6 N e u t r a l iz a t io n  cu rv es  i n  th e  p re sen ce  o f  non- 
in f e c t iv e  v i r u s .
Standard, n e u t r a l i z a t i o n  t e s t s  w ith  SW v i r u s  and
r a b b i t  anti-SW  serum a re  re p re s e n te d  by a o t s .  C urves A,
B, £» 5. s n -o w  th e  b e h a v io u r  of th e  same system  in  th e  
1 2  3 4p resen ce  o f  a  10 10 10 10 -  f o ld  e x c e s s ,  re s p e c -
iv e ly ,  o f U V -k illed  v iru s
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r a d ia tio n  (P h il ip s  35V/ ’’Germicidal" s t r ip  source a t 15 cm d is ta n c e ;
d ia ly se d  a l la n t o ic  f lu id  or con cen trate  exposed fo r  3 m inutes in
2 mm la y e r  th ic k n e s s ) ; i f  in a c t iv a t io n  i s  ex p o n en tia l, th is  t r e a t -
—18ment reduced in f e c t i v i t y  by a fa c to r  o f more than 10*" , Appropriate
volumes o f  in f e c t iv e  and k i l l e d  v iru s  were brought to g e th er  to g iv e  
m ixtures o f ( l  + 0 ) ,  ( l  + 9 ) , ( l  4- 99 ), ( l  + 999) o f in f e c t iv e  to  
n o n -in fe c t iv e  p a r t ic l e s .  P a r a l le l  d i lu t io n  s e r ie s  of th ese  were s e t  
out and mixed w ith  s e v e r a l d i lu t io n s  o f antiserum  kept a t 0°C fo r  
30 m inutes, and then in o cu la ted  in to  trays of 11-day b i t s  o f a l l a n t o i s -  
o n - s h e l i .  The n e u tr a liz a t io n  cu rves, as read a f t e r  th ree  d a y s ’ 
in cu b ation  a t  35°G, are snown in  Figure 6 .
The c lo s e  correspondence between observed and exp ected  d o se-  
response r e la t io n s h ip  i s  ev id e n t. These r e s u lt s  support the mass 
a c tio n  h yp o th esis  by an independent proof; they a lso  fu rn ish  
powerful means fo r  d e f in i t io n  of the v a r ia b le s  in  a b so lu te  term s.
Gince the l a t t e r  f a l l s  w ith in  the scope o f the next paper, fu r th e r  
development o f the argument i s  d eferred  t i l l  th en . 
homogeneity o f reagents
Although in  the th e o r e t ic a l  paper ( l )  the consequences of 
h etero g e n e ity  of the system o f  v ir u s  and antiserum  were con sid ered , 
the h yp oth esis  te s te d  in  a l l  experim ents above did n ot incorporate  
th is  con tin gen cy , and tr e a te d  the reagents a s  i f  a l l  a n t ig e n ic  s i t e s  
on the v iru s p a r t ic le  were id e n t ic a l  and as i f  the serum contained
A b C  D £
cxS o
ö o
O 1-----O—O O--------OCDOOtO
log ANTI-SW
F ig u re  7 . H e te ro g e n e ity  o f re a g e n ts : N e u tr a l iz a t io n  te s ts
w ith  a r t i f i c i a l  m ix tu re s  o f a n t ig e n s .
C o n tro l te s ts ,  w i t h  s in g le  a n tig e n s  in d ic a te d  on 
the o rd in a te ., a re  re p re se n te d  b y  d o ts . Curves A, B,
D, E show tn e  b e h a v io u r o f  SW v iru s  i n  the presence o f 
10 , 1 0  , 1 0  , 1 0  , 1 0  3D50, re s p e c t iv e ly ,
o f  the  MEL s t r a in
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o n ly  a s in g le  sp ec ies  o f  a n tib o d y  • In s te a d  o f  p ro v in g  t h a t  such a 
s e t o f  assum ptions is  j u s t i f i e d  as a f i r s t  a p p ro x im a tio n , we s h a l l  
r a th e r  exam ine what degree o f h e te ro g e n e ity  i s  needed i n  p r a c t ic e  to  
u pse t p r e d ic t io n s  o f  the  s im p le s t  m odel.
A r a b b i t  serum hyperimmune to  SW v iru s  was s e t up a g a in s t 
the  homologous and a h e te ro lo g o u s  s t r a in  (MEL), and a ls o  a g a in s t  
v a r io u s  m ix tu re s  o f  these two i n  s ta n d a rd  n e u t r a l iz a t io n  t e s t s .  By 
t h i s  means the e f f e c t  o f  a n t ig e n ic  h e te ro g e n e ity  co u ld  be assessed .
In  s im i la r  e xp e rim e n ts  3W v ir u s  was te s te d  a g a in s t m ix tu re s  o f  a n t i -  
s e ra , p ro v id in g  system s o f  v a r ia b le  h e te ro g e n e ity  i n  the  a n t ib o d y  
com ponents.
W ith  the  re a g e n ts  used, the f i r s t  e xpe rim en t ( F ig .  7) gave 
an a l l - o r - n o th in g ’ answ er. Adding- as l i t t l e  as o n e - in - a - m i l l io n  o f  
h e te ro lo g o u s  v ir u s  c o m p le te ly  o v e r r id e s  th e  e f f e c t iv e  n e u t r a l iz a t io n  
o f  the  v a s t m a jo r i t y  o f  homologous a n t ig e n . Indeed, as th e  lo w e r h a l f  
o f  F ig .  7 d e m o n s tra te s , th e  r e la t io n s h ip  is  in d is t in g u is h a b le  from  
the  h e te ro lo g o u s  c o n t ro ls  where MEL v ir u s  a lone  was exposed to  tne 
a c t io n  o f an ti-S W  serum . T h is  s i t u a t io n ,  as w i l l  be shown in  a 
sepa ra te  p a p e r, can be deduced fro m  f i r s t  p r in c ip le s ,  and is  a 
c h a r a c te r is t ic  o f  q u a n ta l a ssays . Q uan ta l n e u t r a l iz a t io n  Is  o n ly  as 
e f f e c t iv e  as th e  w eakest a n t ig e n -a n t ib o d y  l i n k  in  the system . In  
p ra c t ic e  even m in u te  amounts o f  a c o n ta m in a tin g ' v i r u s  w i l l  s h i f t  a 
n e u t r a l iz a t io n  c u rv e , a lth o u g h  no t a l t e r  i t s  shape.
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The second exp erim en t (F ig . 8) shows t h a t ,  u n lik e  th e  ca se  
o f a n t ig e n ic  h e te ro g e n e i ty ,  a m ix tu re  o f  a n t ib o d ie s  behaves e s s e n t i a l l y  
as i t s  most f i r m ly  b in d in g  com ponent. Q u a li ty  can  be m atched to  
sane e x te n t  by q u a n t i ty  ( c f .  cu rve  A o f F ig . 8 ) ,  b u t t h i s  e f f e c t  
becomes n o t ic e a b le  o n ly  a t  a  g r e a t  ex ce ss  of the l e s s  com plem entary 
a n tib o d y . From the r i g h t  hand s id e  of th e  F ig u re  we le a r n  th a t  
m ix tu re s  made up o f a  m in o r ity  of homologous and a t  l e a s t  a  te n fo ld  
m a jo r i ty  o f h e te ro lo g o u s  a n tib o d y  do n o t g ive  the k in d  o f d o s e -  
re sp o n se  curve we are  accustom ed to  f in d  in  s ta n d a rd  n e u t r a l i z a t i o n  
t e s t s .
From th e  combined ev id en ce  of th e s e  two s e r i e s  o f  t e s t s  we 
may draw the  c o n c lu s io n  t h a t  a n t ig e n ic  h e te ro g e n e i ty ,  even of m inim al 
d e g re e , w i l l  s i g n i f i c a n t l y  a l t e r  the p o s i t io n  of n e u t r a l i z a t i o n  
c u rv e s . S in c e , how ever, t h e i r  shape rem ains unchanged, such a  s h i f t  
can  be d e te c te d  on ly  by re fe re n c e  to  some norm, as y e t  u n d e f in a b le .
In  p r a c t ic e  th e r e f o r e  a n t ig e n ic  h e te ro g e n e ity  i s  o f  l i t t l e  consequence: 
i t  s im p ly  means t h a t  we may not be o b se rv in g ’ the  r e a c t io n  o f  th e  
whole a n t ig e n ic  p o p u la tio n , o n ly  o f p a r t  of i t .  G ross h e te ro g e n e i ty  
o f the an tio o d y  p o p u la tio n , on th e  o th e r  hand, would lead  to  
n e u t r a l i z a t i o n  cu rv es  in c o m p a tib le  w ith  th y  s im p le s t  m odel, as  s e t  
o u t in  the fa m ily  o f  cu rv es  i n  F ig . 5 . S ince  th e  n e u t r a l i z a t i o n  
cu rv es  o b ta in e d  were in d is t in g u is h a b le  from the th e o re t ic a l ,  one i s  
bound to  conclude t h a t ,  a t  l e a s t  w ith  th e  re a g e n ts  in  hand, th e re  was 
no in d ic a t io n  of m a jo r  inhom ogeneity  in  th e  an tib o d y  com ponent.
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Since, however, neutralization tests are performed, as a rule at 
antigen concentrations well below the equilibrium constant, a 
population oi antibodies with closely-spaced K-values would once 
more give response curves coinciding with the simplest model. Thus 
a further conclusion is in order, namely, that neutralization tests 
over the conventional range are not well suited for the detection 
of heterogeneity among antibouies. while these conclusions may 
answer two simple practical questions, the problem of heterogeneity 
clearly deserves further study, both for its bearing on the oehaviour 
of sera from animals given polyvalent vaccines, and for its relevance 
to the mechanisms by which antibodies are produced.
SUMMARY
The quantal assay system of influenza virus multiplying in 
surviving bits of the allantois is shown to be suited to the quant­
itative study of neutralization. Complications, such as bias due 
to the continued presence of 3erum or to shielding of infectibie 
cells from the action of antibody, are not evident, in standard tests.
It is demonstrated bhat 1.) bhe final equilibrium is the 
same whether approached from the side of virus or antibody excess;
'< t ,) changes in test volume lead to predictable shifts of equilibrium; 
and P.) the effect of non-iniective virus particles is compatible 
only with random reversible combination of antibody molecules with 
antigenic sites. On this evidence a model of neutralization based
-  23
on th e  lav/ o f  mass a c t io n  i s  a c c e p te d  a s  w orking  h y p o th e s is .
idle a ssa y  is  no t s e n s i t i v e  to  m inor inhom ogeneity  of the re a g e n ts ,  
and th u s  n o t s u i te d  to  th e  s tu d y  of h e te ro g e n e i ty  e i t h e r  o f th e  v iru s  
o r  of th e  a n tib o d y  p o p u la tio n .
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SUMMARY.
An apparatus for the separation of free antibody from the virus-antibody complex is 
designed and tested.
It is demonstrated on the influenza virus-antibody system that the technique is not 
biassed by systematic errors and is equally suited to kinetic and thermodynamic measurements.
The sensitivity and reproducibility of equilibrium filtrations are evaluated statistically.
INTRODUCTION.
Although the interaction of antigen and antibody has been studied over the 
past half century by perhaps the most rigorous and ingenious quantitative 
methods to be applied to biological systems, immunochemistry has not yet 
ventured outside its circle of in vitro tests, and its preferred antigens, too, can 
hardly be regarded as representative of the host of antigens against which 
immune responses in nature are directed. This deliberate narrowing of scope 
is not altogether surprising: the problems to be faced are complex enough with­
out having to cope with the extra variables and vagaries of in vivo tests. Yet, 
with its powerful techniques immunochemistry could contribute greatly to the 
exploration of infective antigens and it seems somewhat archaic to make do in 
practical immunology with methods of assay and evaluation long since super­
seded in the study of the more readily definable, simpler systems.
The formation of an antigen-antibody complex gives rise to a new species 
of solute and simultaneously reduces the concentration of the initial reactants. 
Thus, in principle, any method capable of either separating the components of 
a heterogeneous system, or of estimating any one of the species making up the 
system, is suitable for determining the parameters of neutralization. In practice, 
the handling of viruses and their antibodies presents some special difficulties. 
Preparations of these antigens are usually impure and of low concentration, with 
little if any information about the antigenic groups, and antisera are seldom 
available in quantity. Thus if such tests are to be of any use, they must not only 
be simple to perform but also economical and exceptionally sensitive. The
Austral. J. exp. Biol. (1961), 39, pp. 549-562.
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experimental approach here is essentially eclectic: from among an array of 
potential techniques such combinations are to be selected as will — with the 
reagents at hand — quantitatively answer particular questions. We start with 
some methods based on the size of the reactants.
The classical procedure of equilibrium dialysis employs semipermeable 
membranes that retain macromolecules and let solvent and crystalloids pass 
freely. In immunochemical terms this restricts the method to work on artificial 
antigens, that is, to haptenic groups coupled to large carriers. The equilibrium 
is established between the separate small hapten and antibody in one compart­
ment, and the concentration of free hapten is then determined by sampling the 
other compartment where antibody cannot pass. The system, of course, is also 
suited to competitive tests: the complete antigen, added to the antibody com­
partment, will shift the distribution of hapten and thus, indirectly, the binding 
between antigen and antibody can be studied. If the haptenic groups are not 
available in isolated form or, as is the rule with natural antigens, not even known, 
the method breaks down as it cannot sift reactants of comparable size.
With large particulate antigens such as cells, microorganisms and viruses, 
however, the technique is once more feasible. All that is needed is a membrane 
of suitable pore size to allow the passage of antibody molecules and retain the 
large antigenic particles. Such membranes, owing largely to the work of Zsig­
mondy and his school, are now readily available in standardized form and 
provide a simple technique for the separation of antigen and antibody.
Since the diffusion coefficient of antibody molecules would be about ten 
times smaller than that of the average hapten, establishment of osmotic equi­
librium in a virus-antibody system would take much time, allowing denaturation 
or inactivation of the reagents. We opted therefore for ultrafiltration as a means 
of separating free antibody from the virus-antibody complex.
Materials and Methods.
Diluent. The Ca-M^-saline of Fazekas de St.Groth, Graham and Jack (1958) was 
used throughout.
Virus. Strain 15 of swine influenza virus (Shope, 1931) was grown allantoically in 
11-day chick embryos. After two days’ incubation at 35° C. the allantoic fluids were 
harvested, absorbed with 2 p.c. human erythrocytes, and the virus eluted into one-tenth 
of the original volume. Such concentrates were preserved by 0-08 p.c. sodium azide, and 
stored at 4° C.
Titration of virus. Haemagglutinin tests were done in plastic trays, as described by 
Fazekas de St.Groth and Graham (1954), but using 5 p.c. fowl red cells instead of 10 p.c. 
Infectivity was assayed in surviving bits of allantois-on-shell, by the method of Fazekas de 
St.Groth and White (1958).
Antiserum. A rabbit was given 5000 agglutinating doses of virus intravenously on five 
consecutive days, and then again on day 40, 60 and 80. The serum obtained from the 83-day 
bleed was stored at — 15° C., and used without inactivation.
Titration of antibody. Antihaemagglutinin tests were performed according to Fazekas 
de St.Groth, Withell and Lafferty (1958) against four agglutinating doses of SW virus.
EQUILIBRIUM FILTRATION 
EXPERIMENTAL.
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I instrumentation.
Apparatus. The choice of apparatus was governed by the need of handling 
small volumes (of the order of 1 ml.) and a large number of samples at a time. 
Of the commercially available filtering devices the Swinny-apparatus comes 
closest to meeting these demands. It has, however, certain disadvantages: 
passage through the narrow opening of a syringe makes it almost impossible 
to avoid occasional air-locks between filter and sample; some of the filtrate is 
retained in the cavity and duet of the instrument after passing through the filter; 
and the use of a syringe makes individual handling necessary. To correct these 
shortcomings the apparatus shown in Fig. 1 was designed.
r—
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Fig. 1. The filter assembly.
A; Lower part of stainless steel filter housing. 
B: Lower, flat teflon gasket.
C: Perforated backing plate.
D: Filter membrane.
E: Upper, ring gasket.
F: Upper part of filter housing.
G: Quickfit B14 fitting, connected to compressed air source. 
H: Springs to bold F and G together.
All measurements are in millimetres.
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The filter membrane (D ), of 13 mm. diameter and 1 cm.2 effective area, 
rests on a stainless steel crib-plate (C). Teflon gaskets (B and E) seal it on 
top and bottom. The housing is of stainless steel tubing, with a capacity of 
about 6 ml. above the filter membrane, and a dead volume of about 0-05 ml. 
between filter and lower aperture. The top end of the upper tube (F ) is conic­
ally turned, to take interchangeable glass fittings (Quickfit B14). These glass 
links (G) are connected through a manifold to a compressed air source.
Since the upper tube has no narrowing, air-locks cannot spoil the experi­
ment; the volume of fluid retained after filtration is equivalent to a single drop, 
and usually less than 5 p.c. of the sample; and any number of tests can be run 
in parallel, the connection of each tube taking only a few seconds.
Filters. The criteria for appropriate filters are (1) high rate of flow; (2) 
controlled pore size, to allow passing of antibody while quantitatively retaining 
virus; (3) inertness towards all reagents; and (4) minimal retention of fluid.
(1) Of the two kinds of filter1 judged suitable on general grounds, the 
Millipore filters had, over the pore size range of 10 to 100 m/x, about ten times 
higher flow rates than the corresponding Membrane filters. Using either type, 
it was found that with protein solutions such as serum, and especially with 
impure virus preparations, the rate of flow dropped considerably after as little 
as 0-5 ml. of a 1 p.c. protein solution had passed. Clogging of membranes could 
be prevented readily by adding about 5 p.c. (w/v) Kieselguhr to the prepara­
tion to be filtered, and letting it settle for about a minute in the filtering apparatus 
before turning on the pressure. This amounts to inserting a coarse clarifying 
filter in front of the ultrafilter membrane.
(2) When testing for permeability, both kinds of membrane were found 
satisfactory. Although Membrane filters have a wider scatter of pore size than 
Millipore membranes, the appropriate grades (Membranfilter 10, Ultrafeinfilter 
“g”, and Millipore VM and VF) all have the rated characteristics required to 
separate influenza viruses ( ~  80 m/x diameter) from antibody ( ~  24 m/x longest 
axis). No virus could be detected either as haemagglutinin or as infective units 
when a preparation of virus was filtered under 1 atm. pressure through one of 
the above listed membranes. This sets an upper limit to the permeability at 
10~5. The next higher grade of membranes, of 100 m/x average pore diameter, 
let about 10 p.c. of the virus pass under similar conditions and is thus not 
suited to work on the influenza group.
(3) When similar experiments were performed to find out whether the 
membranes that retained virus would pass antibody, no quantitative recovery 
could be obtained, irrespective of pore size. Obviously, both kinds of mem­
brane interacted with y-globulin. To overcome such a complication, we first 
tried increasing the ionic strength of the medium to be filtered, and shifted the
1 Gelatine “Membrane filters” ( Membranfiltergesellschaft, Göttingen) and cellulose 
acetate “Millipore filters” (Millipore Filter Corporation, Bedford, Mass.).
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pH to either side of neutrality. Although some of these changes as well as their 
combination improved recovery, the final yields still remained below the input. 
We then attempted to saturate the binding sites of the membrane with a protein 
homologous, at least in this respect, to antibody. A solution of gelatine was 
found satisfactory for the purpose. The summary of experimental results is 
given in Table 1.
TABLE l.
The binding of antibody by filter membranes.
Diluent Membrane Filtrate
molarity pH log titre per cent, recovery
0-15 7-2 untreated 2-20 31
0-15 9-5 untreated 2-23 33
0-15 4-5 untreated 2-11 25
1-71 7-2 untreated 2-53 66
1-71 9-5 untreated 2-47 58
1-71 4-5 untreated 2-50 62
0 1 5 7-2 gelatine-treated 2-71 100
0-15 7-2 unfiltered control 2-71 100
Anti-SW rabbit serum diluted 1:40 was passed through Millipore VM membranes.
In practice, the saturation of protein-binding sites can be done by passing 
a 0-5 p.c. solution of gelatine through the membranes in the filter assembly 
directly before an experiment. This technique, however, leaves the filters with 
a residual volume of fluid since pressures applicable under ordinary conditions 
are insufficient to overcome the capillary pressure of fluid in the membranes, 
and thus cannot clear the lower passage by blowing air through it. An alterna­
tive technique proved preferable. The membranes were floated2 on a solution 
of gelatine —we used the Standard Medium of Fazekas de St.Groth and White 
(1958), which contains 0-2 p.c. gelatine in a balanced salt solution — and then 
dried under an infrared lamp. The dry, gelatine-coated membranes are ready 
for use, or can be stored at room temperature for any length of time. For all 
experiments detailed below, the filters were treated with gelatine in this fashion.
(4) The volume of fluid held within the membrane becomes a serious com­
plication only if, to achieve greater accuracy, not only the filtrate but also the 
retained fraction is tested for the presence of a particular component, and the 
true ratio of the two is estimated from the observed ratio. This would usually 
be the case with radioactively labelled reagents, and could lead to large sys-
2 It is essential that the membranes should come into contact with the fluid on one side 
only. Dipping will inevitably lock air in at least some of the capillaries, and thus not only 
defeat the purpose of the treatment but also reduce the effective filtering area.
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tematic errors, especially in the regions far from equipartition. The volume of 
fluid retained was determined gravimetrically. As a check we also passed 
I131-labelled proteins and KI131 through the filters. The latter would essentially 
measure whether there is an excess of I-  ion in the volume of fluid retained, 
while the former could also show whether protein was held back preferentially.
TABLE 2.
Capillary volume of filter membranes, and tests for preferential retention of solutes.
Membrane Capillary volume
(m0
Percentage of solute retained*
K I131-activity I 131-globulin activity
‘Membranfilter 10’ 6-89 0-45 9-60
‘Millipore VM’ 
‘Millipore VM’ treated
10-83 0-00 11-02
with gelatine 9-55 1 1 5 2-30
* calculated after correcting for capillary volume.
From the results in Table 2 it is clear that both kinds of filter retain measur­
able volumes of fluid, Millipore membranes about half as much again as Mem­
brane filters (10 pi and 7 /J, respectively). Judged by the KI131 activity, the 
volume would be about 20 yl and 5 yl, respectively. The protein activity gives 
values of 38 yl and 102 yl, thus indicating that in appropriately treated membranes 
retention is appreciable though not excessive.
As long as concentrations are compared, the volume of fluid held by the 
membranes is probably of no importance since it seems to have a composition 
close to the filtrate. As soon, however, as quantities are measured and referred 
to the input volume, corrections must be taken even if retention is proportional. 
In particular, appropriate controls will be needed when the membrane itself 
is to be tested, say, as a source of radioactivity coming presumably from com­
ponents above the filter membrane. It is easy to conceive of situations where 
the contribution of the membrane itself is not only comparable to the sample 
to be assayed but, indeed, overwhelming.
On the grounds of the combined evidence of this section, gelatine-treated 
Millipore VM membranes (13 mm. diameter, 50 my, average pore size) were 
used in all experiments for the separation of influenza viruses and their antibodies.
The standard test.
Temperature control. During the developmental stage we did not observe 
special precautions, the tests being run at room temperature (18-20° C.). Virus 
and antiserum, stored at 4° C. and — 15° C. respectively, were diluted about an 
hour before the tests in saline kept at room temperature. With dilutions of 
tenfold or higher, the temperature of reagents could not have been more than a
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degree below that of the environment. Since the technique was being designed 
with thermodynamic measurements in view, experiments were later conducted 
in constant temperature rooms, set at 4, 22 and 35° C., with a variation of less 
than 0-5° C. Both the filtering assembly and all reagents were kept at the 
appropriate temperature overnight.
Preincubation. Equal volumes of appropriately diluted serum and virus 
were brought together in small test tubes, well shaken and incubated for half-an- 
hour. As will be seen below (Fig. 3), this time is not critical with reagents of 
the usual concentrations, since the stage reached after five minutes is indistin­
guishable from equilibrium conditions. When working with very dilute systems, 
however, it is essential to perform a preliminary test of the kind shown in Fig. 3. 
As the rate of collisions between virus and antibody falls away with the inverse 
product of their concentrations, the period of 30 minutes, greatly in excess under 
ordinary conditions, might not be sufficient for attaining equilibrium when 
reactants are present in low concentrations only.
Volumes. Depending on the type of assay used for testing the filtrate, 
volumes ranging from 0-5 to 5 ml. were pipetted into the upper compartment 
of the filtering device. Kieselguhr (5 p.c. w/v) was added only exceptionally, 
when the concentration of total solids approached 1 p.c. and the volume 
exceeded 2 ml.
Collection of ultrafiltrates. Once in contact with the filter membrane, the 
samples will start seeping through slowly, even under their own weight. When 
the glass caps are fitted and the compressed air turned on to give an atmosphere 
excess pressure, the flow rate rises to about 0-7 ml./min. over the cm.2 exposed 
area of membranes with 50 mju, average pore diameter. Thus, using 1 ml. 
volumes, the filtration is complete within a minute and a half, and even with 
the largest volumes it takes less than ten.
Demonstration of unbiassed sampling.
It may be suspected that a period of even a few minutes is sufficient to 
allow significant drift from the original equilibrium. Intuitively, one might en­
visage an interplay of two opposed factors. First, the removal of free antibody 
from the upper compartment would tend to be compensated by dissociation of 
formed virus-antibody complexes. Secondly, the progressive reduction of volume 
would favour association. That these two processes exactly balance each other 
can be shown formally by writing down the two equilibria, the first for the 
original volume v, and the second for a smaller volume w, after (v — w) / v  
fraction of free antibody has passed through the filter.
(sV —x)(A —x) _ K _  (sV —y){A— [(A —x)(v —w)/v] - y )  
xv yw
where V is the number of virus particles in the system, each with s antigenic 
sites; A is the number of antibody molecules, x and y the number of antigen-
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antibody complexes formed when the volumes are v and w respectively. K 
stands for the equilibrium constant. It is evident that the condition of equality, 
that is the constancy of K, is satisfied if, and only if, x = y.
It is implied in this treatment that the filter does not discriminate between 
solvent and the solute of importance, in this case antibody. If filter-solvent, 
filter-solute and solvent-solute interactions are not negligible, all measurements 
on the filtrate will be biassed. Evaluation will then have to rely on the more 
complex model based on the thermodynamics of open systems (Kedem and 
Katchalsky, 1958).
To test for the presence and degree of such bias, we performed the follow­
ing experiment. Two doses of SW virus (730 and 365 haemagglutinating units 
respectively) were taken up in 0-50 ml. saline and mixed with an equal volume 
of rabbit anti-SW serum diluted 1/10. To allow more extensive testing, the 
globulin fraction of the serum was labelled with I131. After preincubation at
Ö 0 o e f i f l ö c e j 4 ö 8 e j
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Fig. 2. Variation of the effluent during filtration. A 
hyperimmune rabbit serum was mixed with 365 ( circles) 
or 730 (dotted circles) haemagglutinating doses of the 
homologous SW virus, or with saline (dots) as control. 
After 30 min. incubation the mixtures were filtered 
through a Millipore VM membrane, and the effluent 
collected dropwise.
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room temperature for 30 minutes, the mixture was passed through a 50 m/x 
Millipore membrane pretreated with gelatine. The filtrate was collected drop- 
wise, i.e. in 0 05 ml. volumes. Each of the fractions was analysed for protein 
by the method of Lowry et al. (1951), for antibody by the antihaemagglutinin 
test, and for specific activity in a /3-counter.
The curves in Fig. 2 show that, apart from the first two drops of the filtrate, 
the concentrations vary only within the expected accuracy of the respective 
method of assay. The first 0 • 1 ml. has a concentration about 12 p.c. lower than 
the rest, and its inclusion in the average will lead to an error of about 2 p.c. 
With larger volumes the error would be proportionately less. For more accurate 
work, therefore, the first fractions should be considered only as a means of 
estimating correction coefficients to be applied to the subsequent stationary 
state, where the concentrations of each solute are stable, i.e. the “exchange flow” 
has become negligible. We have not used this refinement as the maximal error 
so introduced is well below the discriminatory power of the usual antibody assay.
Demonstration of equilibrium.
Rate of reaction. Dilutions of virus and antibody were mixed in bulk, and 
1 • 0 ml. lots placed directly into the upper compartment of the filtering device. 
At intervals up to two hours a set of samples was passed through the filter, and
_2 1.5
■ O -----------
T IM E  ( m i n )
Fig. 3. Rate of virus-antibody union. Anti-SW serum diluted 1:10, was mixed 
with an equal volume of SW virus diluted 1:5 (circles), 1:10 (dotted circles) or 
1:20 (dots), and aliquots filtered at times shown on the abscissa. The ordinate 
gives the antihaemagglutinin content of the filtrates.
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all filtrates assayed for antihaemagglutinin at the end of the test. Fig. 3 gives 
the result of one such experiment with SW virus and rabbit anri-SW serum.
The initial rate of reaction is rapid and, at the concentrations used, the 
process practically complete within five minutes. This is reassuring as far as 
equilibrium measurements go, but precludes accurate measurement of rate con­
stants. The kinetics of association could be studied only on much more dilute 
systems, indeed, in a range which may well lie beyond the limits attainable by 
the most sensitive assays for antibody.
Approach from two sides. The most cogent demonstration of equilibrium 
is to show that the same final relationship of concentrations is reached whether 
approached from an excess of one or the other component of the system. In two 
experiments, therefore, the ratio of virus to antibody was gradually changed
over a hundredfold range. In the 
first experiment small doses of anti­
body were added to the full dose 
of virus, and samples filtered ten 
minutes after each addition. The 
second experiment was set up the 
other way round: the concentration 
of vims was gradually increased in 
face of a fixed volume of antibody.
It should be noted that the final 
concentration of the reagents was 
about twice as high as in the kin­
etic experiment described in the 
previous section. Thus the ten- 
minute periods following succes­
sive additions of ore or the other 
reagent should ha'e been more 
than sufficient for attaining appro­
priate interim equilibria.
As seen from F:g. 4, the two 
curves tend to the sime asymptote. 
Formally this amornts to the de­
finition of an eqiilibrium, and 
experimentally to its proof.
Fig. 4. Approach to equilibrium from either 
side. To 1-00 ml. volumes of one reagent 0-10  
ml. volumes of the other reagent were added 
every 10 minutes. At the time of each succes­
sive addition one of the mixtures was filtered. 
Antihaemagglutinin titres of filtrates starting at 
antibody excess are shown by open circles, and 
their virus-antibody ratio on the top scale. 
Dotted circles and the bottom scale refer to 
filtrates starting at virus excess. The control 
mixtures consisted of equal volumes of virus 
and antibody, and were filtered after 30 min. 
incubation. The original antibody titre (a  1:5 
dilution of anti-SW serum) is shown by the 
horizontal broken line; the preparation of 
SW virus was also used at a dilution of 1:5.
Irrelevance of heteiologous anti­
gens and antibodies in the system.
To test whether components of 
the system other than the viral 
antigen and its hcmologous anti­
body contribute to "he results, two 
sets of control experiments were
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performed. In the first of these a dose of SW virus (sufficient to bind 80 p.c. 
of the dose of antibody used) was brought together with homologous antibody, 
both in the absence and in the presence of different animal sera, either normal 
or hyperimmune to some antigen other than SW virus.
TABLE 3.
Effect of heterologous antisera on a virus-antibody equilibrium.
Additional reagent Antibody titre of filtrate
nil 2-44
normal rabbit serum 1 2-63
normal rabbit serum 2 2-53
rabbit anti-LEE* serum 1 2-50
rabbit anti-LEE* serum 2 2-53
fowl anti-LEE* serum 2-44
0 • 25 ml. SW virus (diluted 1:10) was m ixed with 0 • 25 ml. rabbit anti-SW  serum (diluted 1:20) 
in the presence of 0-50 ml. o f the additional reagent. After 30 min. incubation the mixtures were 
passed through a gelatine-treated ‘Millipore VM’ membrane. The antibody titres are given in 
log units.
* The prototype strain of influenza B virus.
As the results in Table 3 show, the filtrates did not differ significantly 
among one another. It may be concluded therefore that the non-antibody fraction 
of sera does not influence the equilibrium established between the homologous 
reactants.
In the second experiment the mixtures of SW virus and anti-SW serum 
were set up in the presence of various other antigens. After the usual preincu­
bation of 30 minutes, the preparations were filtered, and the concentrations of 
free antibody determined in the filtrate (Table 4).
TABLE 4.
Effect of heterologous antigens on a virus-antibody equilibrium.
Additional reagent Antibody titre of filtrate
nil 2-44
LEE* virus 109-5 ID 60 2-53
Vaccinia virus 107,0 pfu 2-47
Rabbit pox virus 108 5 pfu 2-47
0 • 25 ml. SW virus (diluted 1:10) was m ixed with 0 • 25 ml. rabbit anti-SW  serum (diluted 1:20) 
in the presence of 0 • 50 ml. of the additional reagent. After 30 min. incubation the mixtures were 
passed through a gelatine-treated ‘Millipore VM’ membrane. The antibody titres are given in 
log units.
* The prototype strain of influenza B virus.
Once again, the answer is unequivocal: the same fraction of antibody 
remains uncombined whether the system contains the homologous antigen only, 
or also sundry heterologous ones.
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Reproducibility and sensitivity of the technique.
With the technical details standardized, it remained to establish the reliabil­
ity of the method. To this end each of us made up virus-antibody mixtures in 
sextuplicate, using two concentrations of virus. After 30 minutes’ incubation at 
room temperature (20° C.) the mixtures were filtered, and antihaemagglutinin 
titres of the filtrates determined in duplicate. A test of identical design was 
performed with the same reagents two days later. The 96 titres so obtained were 
submitted to an analysis of variance. The main contrasts to be evaluated were 
the difference due to operators, to time of performance, to parallel tests with 
the two doses of virus, to replicate tests on the same virus-antibody mixture, and 
to antihaemagglutinin titrations.
The variance due to different doses of virus was highly significant (variance 
ratio F (i, 88) = 3078, where the P = 0-001 point lies at 11-5). This result is the 
same as can also be seen from the lower third of Fig. 2 — in the mid-range of 
binding the method is exquisitely sensitive to variation in the concentration of 
antigen. As far as reproducibility is concerned, however, the response to dose 
is of no relevance. The contrasts of interest, or more precisely, the cumulative 
errors introduced by their presence, are listed in Table 5.
The basic error, due to antihaemagglutinin titrations, accounts for two-thirds 
of the maximal error obtaining when all sources of variation are simultaneously 
operative. Indeed, in practice about as much would be gained by performing 
a single equilibrium filtration and then assaying the filtrate in duplicate, as by a 
very large number of filtration tests followed by single antihaemagglutinin titra­
tions. (Duplicate antihaemagglutinin assays would reduce the error from ±  24 
p.c. to ±  19 p.c., triplicates to ±  17 p.c.; an infinite number of filtration tests 
would bring it only to ±  16 p.c.)
Clearly, the accuracy of the method is limited by the accuracy of the anti­
body assay. And since antihaemagglutinin tests are more reproducible and more 
economical than any test for antiviral antibody, it may be concluded that the
TABLE 5.
Reproducibility of equilibrium filtration assays.
Source of variation Cumulative standard deviation
l°gio units per cent.
Antihaemagglutinin test (basic error) ± 0 -0 6 3 ± 1 5 -6
-}- replicate filtration assays ± 0 -0 7 8 ± 1 9 -7
±  parallel filtration assays ± 0 -0 7 8 ± 1 9 -7
±  tim e o f performance ± 0 -0 9 0 ± 2 3 -0
±  operators ± 0 -0 9 3 ± 2 3 -9
The estim ates are based on an analysis of variance computed from the results of 96 tests.
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method of ultrafiltration compares more than favourably with immunological 
techniques at present available to the virologist.
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Paper I I I*
METHODS IN BMUNOCHEMISTRY OF VIRUSES*
II I*  Simple techn iques f o r  la b e l l in g  a n tib o d ie s
. . .  131 .  35_w ith  I  and S .
SUMMARY
*1 <T *1
M eth o d s  f o r  l a b e l l i n g  a n t ib o d y  w i th  i o d in e  ( *1) o r  s u l p h u r
35( ' S )  a r e  d e s c r i b e d .  S t a r t i n g  w i th  t h e  c h e a p e s t  r a d i o a c t i v e  co m pounds, 
t h e  p ro p o s e d  t e c h n i q u e s  a r e  s im p le  en o u g h  t o  a l lo w  p r e p a r a t i o n  o f  
l a b e l l e d  a n t ib o d y  i n  a n y  b i o l o g i c a l  l a b o r a t o r y .  The f i n a l  p r o d u c t  i s  
s e r o l o g i c a l l y  u n a l t e r e d  and th u s  s u i t e d  to  th e  s tu d y  o f  im m u n o lo g ic  
i n t e r a c t i o n s  i n  d i l u t e  s y s te m s  o r  i n  m ic ro  q u a n t i t i e s .
INTRODUCTION
The c l a s s i c a l  t e c h n iq u e s  o f  s t u d y i n g  v i r u s - a n t i b o d y  u n io n  h a v e  
a  n um ber o f  l i m i t a t i o n s .  F o r  ex am p le , m o st o f  diem a r e  n o t  s e n s i t i v e  
e n o u g h  f o r  w ork  i n  d i l u t e  s y s te m s ,  s u c h  a s  a r e  p r e f e r r e d  w hen e s t i m a t i n g  
some p a r a m e te r s  o f  im m u n o lo g ic a l  r e a c t i o n s .  M o re o v e r , a l l  o f  t h e s e  
m e th o d s ,  w h e th e r  b a s e d  on b i n a r y  i n t e r a c t i o n  o f  a n t i g e n  an d  a n t ib o d y ,  
o r  on c o m p e t i t i o n  f o r  v i r u s  b e tw e e n  a n t i b o d y  and  an  i n d i c a t o r  co m p o n en t, 
e s t i m a t e  a  compound o f  th e  q u a n t i t y  and q u a l i t y  o f  a n t ib o d y ;  th e  two 
te rm s  b e in g  i n s e p a r a b l e  i n  s im p le  e x p e r im e n t s .  N e i t h e r  i s  t h e r e  a  s e r o ­
l o g i c  p r o c e d u r e  b y  w h ich  f r e e  an d  bound  a n t ib o d y  c o u ld  be  a s s a y e d  s i m u l t ­
a n e o u s ly .  S p e c i a l  d i f f i c u l t i e s  a r e  e n c o u n te r e d  a l s o  on  c h r o m a to g ra p h ic  
o r  e l e c t r o p h o r e t i c  s e p a r a t i o n  o f  m em bers o f  a n  a n t ib o d y  p o p u l a t i o n s  t h e  
q u a n t i t i e s  a r e  u s u a l l y  s o  s m a l l  a s  t o  e s c a p e  d e t e c t i o n ,  e v e n  i f  m e th o d s  
a r e  fo u n d  t h a t  c a n  be  a p p l i e d  t o  a n t ib o d y  on  a  s o l i d  m edium .
Many o f  t h e s e  s h o r tc o m in g s  c a n  be e l i m i n a t e d  and th e  s c o p e  o f  c o n ­
v e n t i o n a l  t e c h n iq u e s  w id en e d  by  r a d i o a c t i v e l y  l a b e l l i n g  s a n e  o f  t h e  r e -
a c t a n t s .  There a re  s e v e r a l  p o t e n t i a l  la b e ls  to  choose from , and 
s e v e r a l  m ethods o f in c o rp o ra t io n .  When te s t in g -  th e s e ,  we aimed a t  a 
p ro ced u re  which i s  econom ica l, s im p le , can be perform ed re p ro d u c ib ly  and 
w ith o u t any s p e c ia l  equipm ent in  a  b io lo g ic a l  la b o ra to ry ,  and w i l l  work 
even  on m ic r o - q u a n t i t ie s  of v iru s  o r a n tib o d y . Two te c h n iq u e s  answ ering  
th e se  demands w i l l  be d e s c r ib e d ,  and e x e m p lif ie d  by th e  l a b e l l i n g  o f  an 
a n tis e ru m .
MATERIALS AND METHODS
D ilu e n t . C a lc iurn-magnesium s a lin e , p re p a re d  a c c o rd in g  to  Fazekas 
de S t.G ro th , Graham and Jack  (1958), was used  a s  b u f fe re d  s a l in e  th ro u g h ­
ou t .
B u f f e r s . The b u f f e r  used  f o r  e l e c t r o p h o r e s is  o f  serum p r o te in s  
i n  c e l lu lo s e  a c e ta te  s t r i p s ,  was p rep a red  a c c o rd in g  to  A ronsson and 
G rbnw all (1 9 5 7 ). The a c e ta te  b u f f e r  used  in  th e  m ethanol f r a c t i o n a t io n  
o f serum was p rep a red  by m ixing  7 .2  ml o f 1M a c e t i c  a c id  w ith  12 .0  ml 
of 1M sodium h y d ro x id e , and making the volume up to  one l i t r e  w ith  d i s ­
t i l l e d  w a te r .
M ethanol R eagen t. T h is re a g e n t was p re p a re d  by m ixing  607 ml 
o f  a n a l y t i c a l  g rade m ethano l w ith  393 ml of d i s t i l l e d  w a te r .
V ir u s . S t r a in  15 o f swine in f lu e n z a  v iru s  (Shope, 1931) was 
grown in  th e  a l l a n to i c  c a v i ty  o f  11-day c h ic k  em bryos. The v i iu s  was 
c o n c e n tra te d  te n fo ld  by one c y c le  o f  a d s o rp tio n  and e l u t io n  from  2 p . c ,  
human red  c e l l s ,  and s to r e d  a t  4°C w ith  0 .0 8  p .c ,  sodium a z id e  as 
p r e s e r v a t iv e .
Titration of Virus, Haemagglu t inin tests were carried out in 
plastic trays, as described by Fazekas de St.Groth and Graham (1954), 
using 5 p.c. fowl cells. Viral infectivity was estimated in surviving 
bits of allantois-on-shell, according to the method of Fazeka3 de St.Groth 
and 'White (1958).
Antiserum. Hyperimmune serum against the virus was prepared in 
adult rabbits. Each raobit received 5,000 haemagglutinating doses of 
virus intravenously on days 0, 40, 60, and 80; 45 ml of whole blood
being taken from the ear vein 3, 5, 7, and 9 days after the last inject­
ion. Sera were separated after one hour and stored frozen at -15°G 
until required.
Titration of antibody. Antihaemagglutinin titrations were 
carried out in plastic trays using 4 agglutinating doses of virus and 
5 p.c. fowl red ceils, and neutralization tests in surviving bits of the 
allantois, according to Fazekas de St.Groth, Withell and Lafferty (1958).
The neutralizing potency of the serum was estimated by the method des­
cribed by Fazekas de St.Groth (l96l).
Slectropnoresis. Serum samples were separated into their constit­
uent proteins on cellulose acetate strips, according to Fazekas de St. Groth, 
rteoster and jatyner (1962), . The strips were stained with Procion 
Brilliant Blue dye (Fazekas de St.Groth, Webster and Datyner, 1962), and 
the relative quantities of protein estimated in a photoelectric densit­
ometer (“AnalytroF, Beckman-Spinco).
A. NH4C1
P reparation  o f " S-la b e lie d  Amino A c id s . C a rr ie r -free  rad io ­
a c t iv e  su lp hate was incorporated  by E, c o l i  s t r a in  B (H ershey).
A sy n th e tic  medium th a t would support maximal growtn o f E. c o l i  
was prepared from a n a ly t ic a l  grade r e a g e n ts . The co n cen tra tio n  of 
sulphur as ammonium su lp hate  cou ld  be v a r ied  to  determ ine the l im it in g  
co n cen tra tio n  fo r  growtn o f the b a c te r ia . The b a s ic  so lu t io n s  were:
— 1 .0  gm.
KHgPO^  — 3 .0  gm.
Na^HPO  ^ — 6 .0  gm.
MgCl^.OHgO — 10 m.gm
Meide up to  one l i t r e  w ith d i s t i l l e d  w ater.
B. Glucose — 12.5 gm.
Made up to  50 ml in  0.01N HCl*.
C. (NH4) 2S04 — 1 .0  gm.
Made up to  10 ml w ith  d i s t i l l e d  w ater.
The above so lu t io n s  were s t e r i l i z e d  by a u to c la v in g  a t  120°C 
fo r  10 m inutes. A medium th a t w i l l  support maximal growth o f E. c o l i
was prepared by m ixing 10 ml A, 0 .5  ml B, and 0 .1  ml C.
131 35R adioactive I s o to p e s . C a rr ie r -free  Na I and Na  ^ S04 were 
obtained from the R adiochem ical C en tre, Amersham, England.
D eteim ination  o f  R a d io a c t iv ity . Measurements o f  r a d io a c tiv ity  
were carr ied  out w ith  an end-window G eiger-M uller tube connected to  a 
conventional s c a le r .  Samples were d ilu te d  to a le v e l  th a t d id  not 
require c o r r e c tio n  fo r  co in c id en ce  lo s s e s  but gave s u f f i c ie n t  counts to  
make the random sam pling error n e g lig ib le  ( ^ 1  p . c . ) .
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5EXPERIMENTAL
O ptim al Method f o r  F r a c t io n a t io n  of A n t is e r a . Serum was f r a c t i o n ­
a te d  to  red u ce  i t s  n o n -an tib o d y  com ponents to a  minimum, w itn o u t any 
lo s«  o f  a n tib o d y . A s u c c e s s fu l  p ro ced u re  of t h i s  k ind  would en su re  
t h a t  a  s m a l le r  q u a n t i ty  o f e x te r n a l  la b e l  would be re q u ire d  f o r  a n t i ­
body, and th a t  a t  the  same tim e the background o f la b e l le d  n o n - a n t i ­
body p ro u e in  would be g r e a t ly  red u ced .
S e v e ra l  s im ple  mthods o f o b ta in in g  a  g lo b u l in  f r a c t i o n  were 
t e s t e d .  G lo b u lin  f r a c t io n s  were p re p a re d  w ith  sodium su lp h a te  (Kekwick, 
1940), ammonium su lp h a te  (K en d a ll, 1937), R ivano l ( (6 -9  d iam ino 2 e th o -  
x y a c r id in e  l a c r a t e ) ,  S a i f e r  and L ip k in , 1959) and w ith  m ethanol ( P i l l -  
eiaer and H u tch in so n , 1945). The v a r io u s  f r a c t i o n s  were made up to  t h e i r  
o r ig i n a l  volum es in  s a l in e  and te s t e d  f o r  a n tib o d y  a c t i v i t y  and p r o te in  
c o n te n t  in  th e  m ajor e l e c t r o p h o r e t ic  p eak s .
The com parison  o f methods i n  T ab le  i  ahows th a t  the  m ethanol 
f r a c t i o n a t i o n  was the  m ost s a t i s f a c t o r y ,  and the on ly  one n o t le a d in g  
to  a p p re c ia b le  lo s s  o f an tib o d y  a c t i v i t y .
F r a c t io n a t io n  o f  Hyperimmune Serum w ith  M eth an o l. Hyperimmune 
r a b b i t  a n t i - i n f lu e n z a  serum (2 .0  ml) and 1 ,0  ml o f a c e ta t e  b u f f e r  were 
mixed and co o led  to  0°C; 7 .0  ml o f m ethanol re a g e n t was a lso  coo led
to  0°G and added s lo w ly  to  th e  co ld  a n tis e ru m  u n d er c o n s ta n t s t i r r i n g .
The m ix tu re  was allow ed  to  s ta n d  a t  0°C f o r  30 m in u tes  and c e n tr i fu g e d  
a t  0°C. The p r e c i p i t a t e  was washed once w ith  m ethano l re a g e n t p lu s
I__
b u f f e r  and a g a in  c e n t r i f u g e d .  Then th e  p r e c i p i t a t e  was ta k e n  up i n  
b u f f e r e d  s a l i n e  and d ia ly s e d  a g a in s t  ru n n in g  ta p  w a te r  f o r  10 h o u rs , 
d u r in g  d i a l y s i s  a  e u g io b u im  p r e c i p i t a t e  form ed, wnich re d is s o lv e d  
r e a d i ly  when th e  sac was p la ced  in  b u f fe re d  s a l in e  f o r  1 h o u r ,
Iodd n a t io n  P ro c e d u re . T rea tm en t o f a lk a l in e  p r o te in  s o lu t io n s  
w ith  io d in e  r e s u l t s  in  th e  co m bination  o f  io d in e  w ith  the ty r o s y l  and, 
to  a  s m a l le r  e x te n t ,  h i s t i d y l  r e s id u e s  o f th e  p r o te in ,  and the  concom­
i t a n t  l i b e r a t i o n  o f  hydrogen  io d id e .  The method to be d e s c r ib e d  d i f f e r s  
from  r e p o r te d  te c h n iq u e s  i n  u s in g  H^Op as o x id iz in g  a g e n t, and CCl^ f o r  
e x t r a c t i o n  o f  io d in e .  Both o f th e se  re a g e n ts  have been  used in  d i f f e r ­
e n t p ro c e d u re s ;  M cFarlane (1956) used  as  o x id iz in g  ag en t in  th e
p re se n c e  o f th e  p r o te in  to  be io d in a te d  and found a l t e r a t i o n s  in  th e  
chem ica l and b io lo g ic a l  p r o p e r t ie s  of th e  io d in a te d  p r o te in s .  M asoured is 
(1957) made u se  o f ca rb o n  t e t r a c h l o r id e  (CCl^) to  e x t r a c t  f r e e  io d in e  
from th e  o x id iz in g  sy stem , b u t e x t r a c te d  th e  io d in e  in to  NaOH b e fo re  
r e a c t in g  w ith  p r o te i n .
The p re s e n t  method makes use  of th e  same p r in c ip le s  b u t com bines
them in  such a  way t h a t  the  io d in a te d  p r o te in  rem ains b io l o g ic a l ly  u n -
—3a l t e r e d .  C a r r ie r  10 M KI (0 .2 5  ml) was mixed w ith  c a r r i e r - f r e e  r a d io ­
io d id e , th e  volume b ro u g h t up to  3 .5  ml w ith  d i s t i l l e d  w a te r  and a c id ­
i f i e d  w ith  0 .2  mi o f  IN H^SO^. The io d in e  was l i b e r a t e d  by th e  a d d i t io n  
o f 0 .2  mi o f  HpOp (iOO vo lum es). The r e a c t io n  m ix tu re  was shaken  w ith  
2 .0  ml o f CCl^ a t  i n t e r v a l s  f o r  oQ m in u tes  to  e x t r a c t  th e  f r e e  io d in e
13
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i n to  th e  carb o n  t e t r a c h l o r id e  p h ase . D uring t h i s  tim e 98 p . c .  o f th e  
la b e l le d  io d in e  was e x t r a c te d  in to  the  OCl^ which tu rn e d  s l i g h t l y  p in k . 
The aqueous phase was th e n  removed and the  CCl^ washed tw ice  w ith  10 ml 
of d i s t i l l e d  w a te r .  The g lo b u l in  f r a c t i o n ,  b u f f e r e d  a t  pH 8 .9  w ith  
0 .1  M b ic a rb o n a te  b u f f e r ,  was added to  the washed CCl^ and m ixed immed­
i a t e l y .  T his g lo b u l in -c a rb o n  t e t r a c h l o r id e  m ix tu re  was g e n t ly  a g i t a t e d  
f o r  10 m in u te s , the  two phases  s e p a ra te d  Dy c e n t r i f u g in g ,  and th e  aqueous 
phase d ia ly s e d  a g a in s t  ru n n in g  ta p  w a te r f o r  12 hou rs  and f i n a l l y  a g a in s t  
s a l in e  f o r  one h o u r .
131P r o p e r t ie s  of I  L ab e lle d  A n tib o d y . As a  r e s u l t  o f the  p ro ­
ced u re  d e sc r ib e d  above, 20 p .c .  o f  the in p u t r a d io a c t i v i t y  was bound 
to  p r o te in .  S in ce  50 p .c .  of th e  io d in e  i s  not a v a i la b le  f o r  l a b e l l i n g
o f p r o te in  b u t i s  l o s t  as HI, 40 p .c .  o f the  t h e o r e t i c a l  in c o rp o r a t io n
-2was o b ta in e d . T h is  amounts to  5 .1 0  pmoles of io d in e  p e r  11.95 mg o f 
p r o te in  in  t h i s  ex p erim en t, and hence to  one atom o f io d in e  p e r  3*96 .10  
mg o f p r o te in .  T aking  1*7 .10  grams as the m o le c u la r  w eight o f  
r a b b i t  ^  g lo b u l in  g iv e s ,  on th e  a v e ra g e , 0 .7 1  I-a to m s p er a n tib o d y  m ol­
e c u le .  T able 2 snows th a t  the s e r o lo g ic a l  a c t i v i t y  of the la b e l le d  
i a n tib o d y  rem ained u n a l te r e d  d u r in g  t r e a tm e n t .  T his ta b le  g iv e s  the
r e s u l t s  o f  t e s t s  c a r r i e d  ou t on one serum , b u t i t  i s  r e p r e s e n ta t iv e  o f 
the r e s u l t s  o b ta in e d  w ith  many d i f f e r e n t  s e r a ,  c a r r i e d  ou t a t  d i f f e r e n t
t im e s .
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35In c o rp o ra t io n  o f  S u lp h a te  ( 'S )  in to  B a c te r ia l  p r o t e i n . U n like  
in  v i t r o  l a b e l l i n g  where the f r a c t i o n  o f i n t e r e s t  can  be p u r i f i e d  b e f o r e ­
hand , in  v iv o  m ethods a re  accom panied by g r e a t  w astage o f the  in je c te d  
la b e l  by in d is c r im in a te  in c o rp o ra t io n  in to  a l l  s u b s ta n c e s  form ed a t  t h a t  
t im e . Even though  the an im al may be p ro d u c in g  an tib o d y  a t  maximal r a t e ,  
th e  amount o f r a d io a c t iv e  amino a c id s  in  an tib o d y  w i l l  be n e g l ig ib le  
com pared w ith  t h a t  in c o rp o ra te d  in to  a l l  o th e r  p ro te in s  s y n th e s is e d  over 
the same p e r io d .
E xperim ents have shown t h a t  a p p ro x im a te ly  0 .25  p . c .  o f the serum 
p r o te in s  was a p a r t i c u l a r  an tib o d y  (Fazekas and W ebster, 1962 ) .  As 
t h i s  would r e p re s e n t  a  m inute f r a c t i o n  on ly  o f  th e  d a i ly  p r o te in  tu r n ­
o v er, m ost of th e  la b e l le d  amino a c id s  a re  l i k e l y  to  be in c o rp o ra te d  
in to  p ro d u c ts  o th e r  than  a n tib o d y . Under th e se  c o n d it io n s  i t  i s  e s s e n t ­
i a l  to  have a  cheap so u rce  o f la b e l le d  amino a c id s .  Such a  so u rce  was 
o b ta in e d  by m aking an a u to tro p h ic  b ac te riu m  in c o rp o ra te  in o rg a n ic  s u l -  
phaxe ( S) in to  i t s  amino a c id s .  E . c o l i  was grown on s y n th e t ic  medium 
w ith  l im i t in g  c o n c e n tra t io n s  of in o rg a n ic  s u lp h a te .  T ab le  3 shows t h a t  
th e  in c o rp o ra t io n  o f 0 .075 mg of ammonium s u lp h a te  in to  the  s y n th e t ic
medium w i l l  cause  m inim al l i m i t a t i o n  o f  grow th o f the o rgan ism .
35For the l a b e l l i n g  exp erim en ts  1 .2 5  me of '3  s u lp h a te  was added 
to  th e  s y n th e t ic  medium c o n ta in in g  10 ml o f s o lu t io n  A, 0 .5  ml of B 
and 0 .075  m illig ra m s  o f ammonium s u lp h a te .  The medium was in o c u la te d
g
w ith  ap p ro x im ate ly  10 washed organism s th a t  were i n  the lo g a r i th m ic  
grow th  phase and in c u b a te d  a t  37°C f o r  24 h o u rs .  The organism s were
c e n tr i fu g e d  and washed th ro u g h  20 ml o f  s a l i n e ,  s ix  tim e s . Under th e se  
c o n d it io n s  7 1 .0  p . c .  o f the  la b e l le d  s u lp h a te  was found to  be  in c o rp o r ­
a te d  in to  th e  b a c t e r i a .
3bH y d ro ly s is  o f B a c te r ia l  P r o t e i n . S la b e l le d  m e th io n in e  and 
c y s t in e  were p re p a re d  from the washed b a c t e r i a  according* to  T a rv e r  (1957) 
The b a c t e r i a  were e x t r a c te d  w ith  5 p . c .  t r i c h l o r a c e t i c  a c id  a t  90°C f o r  
15 m in u te s , and th e n  washed once w ith  th e  co ld  r e a g e n t .  The re s id u e  
was f r e e d  o f m ost of th e  t r i c h l o r a c e t i c  a c id  by w ashing w ith  a lc o h o l  and 
e th e r ,  and th e n  h y d ro ly se d  u nder r e f lu x  f o r  5 h o u rs  w ith  25 ml o f a 
m ix tu re  o f  80 p . c .  6N h y d ro c h lo r ic  a c id  and 20 p .c .  fo rm ic a c id ,  bu t no 
c a r r i e r  c y s t in e  o r  m e th ion ine  was ad aed . The h y d ro ly s a te  was e v ap o r-  
a te d  to  d ry n ess  in  a d e s ic c a to r  a t  37°G, and ta k en  up in  2 ml o f S tan d ­
a rd  Medium (Fazekas de S t.G ro th  and W hite, 1958) f o r  in o c u la t io n  in to  
r a b b i t s .
35In c o rp o ra t io n  o f  S Amino Acid H y d ro ly sa te  in to  A n tib o d y . As 
v e ry  l i t t l e  o f th e  la b e l le d  amino a c id  h y d ro ly sa te  i s  in c o rp o ra te d  in to  
a n tib o d y , i t  i s  e s s e n t i a l  t h a t  the an im als shou ld  be s y n th e s is in g  a n t i ­
body a t  maximal r a t e .  T h is  o ccu rs  4-6  days a f t e r  th e  in tra v e n o u s  i n j e c t ­
io n  o f an adequa te  secondary  o r  t e r t i a r y  s tim u lu s  i n  th e  r a b b i t  (W ebster,
, 35
1962). The r a t e  o f in c o rp o ra t io n  of S la b e l le d  amino a c id s  from th e
amino a c id  p o o l o f th e  an im al, in to  a n tib o d y  i s  v e ry  r a p id .  K in e tic
s tu d ie s  have shown ( T a l ia f e r r o  and T a l ia f e r r o ,  1957) th a t  d e te c ta b le  
35
le v e ls  o f S amino a c id s  were in c o rp o ra te d  in t o  a n tib o d y  w ith in  20
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m inutes and th a t the process was com plete w ith in  240 m inutes.
On the f i f t h  day a fte r  b o o stin g  ra b b its  f o r  the tn ird  tim e w ith
355 ,0 0 0  haem agglu tinatm g doses o f  swine in flu e n z a  v ir u s ,  the S amino 
a cid  h y d ro ly sa te  was in je c te d  in tra v en o u s ly . The ra b b its  were b led  out 
24 hours la t e r ,  and the serum separated  and s to r e d  at -15°C w ithout 
p r e s e r v a t iv e ,
35P ro p er tie s  o f  S L abelled Rabbit A n ti-In flu en za  derum. Table 4 
shows th a t 43 p .c .  o f  the la b e l p resen t in  the b a c te r ia  was recovered  
in  the amino acid  fr a c t io n  a f t e r  h y d r o ly s is  of the p r o te in  and, assuming 
a recovery  o f 50 ml o f  serum from the ra b b it , 3 .5  p . c .  of the in je c te d  
la b e l was incorporated  in to  serum p r o te in s . The number o f r a d io a c tiv e  
counts in  the antibody was low but i t  would be p o s s ib le  t o  r a is e  th is  
number by in c r e a s in g  the input la b e l ,  or by u s in g  more s e n s i t iv e  count­
in g  d e v ic e s .  The b io lo g ic a l  p ro p ertie s  o f the antibody are id e n t ic a l  
w ith those of u n la b e lled  antibody.
DISCUSSION
The advantages o f the method d escrib ed  fo r  la b e l l in g  antibody  
131w ith  I are th a t i t  i s  cheap, sim p le, rep rod u cib le , r e ta in s  a l l  the 
b io lo g ic a l  a c t iv i t y  o f the o r ig in a l serum and, provided that the le v e l  
of r a d io a c t iv ity  required i s  not in o r d in a te ly  h igh , can be ca rr ied  out 
in  any b io lo g ic a l  la b ora tory . The advantages o f the method, compared 
with e x c e l le n t  published  methods (McFarlane, 1956, 1958, Banerjee and
-  11
Ekins, 1961) of iodinating serum proteins, lie in its simplicity, no 
special glassware or chemicals being required.
The use of methanol for obtaining globulin fractions of serum, 
was found by McFarlane (1956) to increase the elimination rate of such 
proteins from rabbits, but Dixon and Weigle (1957) found that the elim­
ination rate varies greatly from animal to animal. Our tests covered 
only in vitro behaviour, and by this criterion there was no difference 
between the original antiserum and its fraction produced by methanol.
The other possible criticism of the method is the use of high pH during 
labelling: Masouredis (1957) found that high pH was as significant as
over-iodination in altering proteins. However, in the proposed procedure 
the period, of exposure to such harsh conditions is minimal, and our 
results show no loss as judged by the reactivity of antibody before and 
alter treatment.
131The major disadvantage of using I as a radioactive label, is its 
relatively short half life (8,1 days); but as the reagent is obtainable 
carrier-free and is inexpensive, it is possible to attain almost any 
desired level of radioactivity without increasing the degree of iodin- 
ation beyond a single radioactive atom, on the average, per protein 
molecule. The other disadvantage inherent in this general method of lab­
elling, is that the labelled molecule is not chemically identical with 
the original, and more than from 1-2 atoms of iodine per antibody molecule 
can alter the immunological reactivity (Johnson, Day and Pressman, I960).
-  12 -
131A recent report on the labelling of influenza antibody with I
(Powell, 1961) probably suffers from this latter disadvantage. In
that study the radioactive label per anti haem agglutinating unit of
antibody was high, but the antibody content and its internal labelling 
35of antibody with S offers a cheap source of tagged antibody, chemic­
ally indistinguishable from unlabelled antibody, and which has a reason­
ably long half life (87,1 days). However, this method is somewhat more 
complex and, as with all in vivo methods of labelling antibody, over 
99,p.c. of the activity is incorporated into other proteins.
13
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Paper IV.
TWO NEW STAINING PROCEDURES FOR QUANTITATIVE
ESTIMATION OF PROTEINS ON ELECTROPHORETIC STRIPS
INTRODUCTION
The a d v an ta g e s  of zone e le c tro p h o re s is  are  o ften  largely- 
lo s t  by th e  n eed  to  e lu te  s e p a ra te d  fra c tio n s  for re l ia b le  a s s a y ,  or 
by u s in g  m ethods of d e te c tio n  th a t a re  e s s e n t ia l ly  q u a li ta tiv e  or a t 
b e s t  ap p ro x im a te . In th e  c o u rse  of work on th e  an tib o d y  fra c tio n  of 
immune se ra  th is  n eed  for a q u a n tita tiv e  m icrom ethod b ecam e on ly  
too  e v id e n t . W e d e c id e d  th e re fo re  to  d e v e lo p  a s ta in in g  p rocedu re  
w hich  1) w as s e n s i t iv e  enough to  a llo w  e s tim a tio n  of p ro te in s  in  
m icrogram m e q u an tity ; 2) w ould fo llo w  B e e r 's  law  over a 
re a so n a b le  ran g e  of c o n c e n tra tio n s ; 3) co u ld  be perform ed d ire c tly  
on paper and  c e l lu lo s e  a c e ta te  s tr ip s  , or on a g a r and s ta rc h  g e l; 
and 4) co u ld  be  e v a lu a te d  by s im p le , conm ercia lly  a v a ila b le  e q u ip ­
m en t. To th is  end a good num ber of s ta n d a rd  dyeing  te c h n iq u e s  
u se d  in  th e  te x ti le  in d u s try  w as t e s t e d ,  and tw o fa m ilie s  of d y es  
found w hich  m et a l l  of our s ta r tin g  c r i t e r i a . W e rep o rt h e re  on th e  
m ethods deem ed o p tim a l, and g iv e  th e  e v id e n c e  req u ired  to  e s ta b l is h
th e  sco p e  and r e l ia b il i ty  of th e  new  te c h n iq u e s  .
2MATERIALS AND METHODS
E lec tro p h o re s is  eq u ipm en t.  The a p p a ra tu s  u sed  w as
s im ila r  to  th a t  d e sc r ib e d  by K o h n \  w h ich  i s  a m od if ica tion  of
2
G r a s s m a n n 's  a p p a ra tu s  . The ta n k ,  made of P e rsp e x ,  had  in te rn a l  
d im en s io n s  of 32 x 18 x 5 cm , and w as c a p a b le  of tak ing  four 
b r id g es  s id e  by s id e ,  e a c h  carry ing  two s t r ip s  2 .5  cm w id e .  Two 
p a r t i t io n s  w ere in s e r te d  b e tw een  the  e le c t ro d e  com partm ent and 
th e  com partm ent in  c o n ta c t  w ith  th e  b r id g e s ,  a s  we have  found th a t  
w ithout th is  a rrangem ent the  pH of th e  buffer  in  th e  ou ter  com part­
m ents  ten d ed  to  ch ange  on prolonged e le c t r o p h o r e s i s . To avo id  
sagg ing  of the  s t r ip s  w hich in v a r iab ly  led  to  c o l le c t io n  of co n d en se  
w a te r  on th e i r  under s u r f a c e , we s t r e tc h e d  th re e  f ine  Nylon th re a d s  
3 cm ap ar t  a c r o s s  the  b r id g es ;  th e s e  g av e  the  n eed ed  h o rizo n ta l  
support during e le c t ro p h o r e s i s .  As a c o n s e q u e n c e ,  i t  w as p o s s ib le  
to red u ce  the  a ir  s p a c e  around the  s t r ip s  to  a minimum, and thus  
en su re  q u ick er  s a tu ra t io n  of the  vapour p h a se  and o b v ia te  e x c e s s iv e  
ev ap o ra tio n  and the  r e s u l ta n t  uneven  m ovem ent in d if fe ren t  reg io n s  
of the  z o n e . *
* Working draw ings of th e  equ ipm ent a re  a v a i la b le  on r e q u e s t .
3Buffer s y s te m . The t r i s -h y d ro x y m e th y l  am inom ethane  
(8 0 .0  g/1) — b o ra c ic  a c id  (8 .0  g/1) — d isod ium  e th y le n e -d ia m in o -  
t e t r a a c e ta te  (6 .0  g /1 ) -  sodium  a z id e  (0 .8  g/1) buffer w as e s s e n t i a l ly  
th a t  d e sc r ib e d  by A ronsson and G rönw all , and u s e d  th roughout the  
main e x p e r im e n t s . The c h o ice  w as m ade a f te r  com paring s e v e ra l  
commonly u s e d  buffer sy s te m s  and finding th a t  s e p a ra t io n  of serum 
com ponen ts  w as both  the  c l e a n e s t  and m ost rap id  in th is  b u ffe r ,  
thus  confirm ing A ronsson and G r o n w a l l 's  c l a im s .  The buffer has  
a pH of 8 . 9 5 ,  and i t s  c o n d u c t iv i ty  is  3 .4  m ci.
Support. C e l lu lo s e  a c e ta te  s t r ip s  (Oxoid D iv . , London, 
E .C .4 )  of 36 x  5 cm s iz e  w ere q u a r te re d ,  g iv ing  four s t r ip s  of 
18 x  2 .5  cm . (Cutting up is  b e s t  done on w et s t r i p s ,  to  avo id  c r a c k ­
ing of the  b r i t t le  m a te r ia l . )  The s t r ip s  w ere  f lo a ted  on b u ffe r ,  w ith  
th e ir  " 0" s id e s  up: by soak ing  from one s id e  no a ir  w as trapped  
w ith in  the  e le c t ro p h o re t ic  zo n e .  This p ro c e ss  is  com ple te  w ith in  
a few  m in u te s , a f te r  w hich  the  s t r ip s  were subm erged  and s to red  in  
the  buffer a t  room tem p e ra tu re .
E le c t ro p h o re s i s . Before be ing  la id  on the  b r i d g e s , the  w et 
s t r ip s  w ere  l ig h tly  p a s s e d  b e tw ee n  tw o s h e e ts  of a b so rb en t  t i s s u e .  
At l e a s t  an  hour w as a llow ed  for eq u il ib ra t io n  b e tw een  mounting the  
s t r ip s  and sw itch in g  on the  c u r re n t .  The s a m p le s ,  u s u a l ly  4 p i ,  
w ere  a p p l ie d  w ith  a c a p i l la ry  p ip e t te ,  a long  a l in e  2 cm lo n g .  We
-  4
h av e  t r ie d  s e v e ra l  com m ercia lly  a v a i la b le  a p p l ic a to r s  w ithout 
s a t i s f a c t i o n .  T h e se ,  d e s ig n e d  for paper  s t r i p s ,  re ly  on th e  sam ple  
be ing  so ak e d  up in s ta n t ly  on a p p l ic a t io n .  On c e l lu lo s e  a c e ta te  
ev en  vo lum es a s  sm all a s  1 p 1/cm ta k e  about a m inute  to  soak  in ,  
and th e re fo re  g rad u a l  d e l iv e ry  and sp read in g  by hand  w as  found 
p re fe ra b le .  H ow ever, e v en  w ith  the  g r e a te s t  c a re  i t  is  d if f icu l t  
to  perform th i s  s te p  r e p ro d u c ib ly , and the  u n e v e n n e s s  of a p p l ic a ­
tion  w ill  be  shown to be the  major con tribu to r to  th e  error com ponent 
of the  t e c h n i q u e .
E lec tro p h o re tic  runs were done a t  a p o te n t ia l  g rad ie n t  of
10V/cm. Due to  th e  low  co n d u c t iv i ty  of the  buffer  s y s te m ,  the
cu rren t per s t r ip  am ounted  to  0 .75  mA o n ly ,  and th u s  th e  hea tin g
2
e ffe c t  a r is in g  from 3 mW /cm w as n e g l ig ib le .  C o n se q u e n t ly ,  t e s t s  
cou ld  be  co n d u c ted  a t  room tem p era tu re  (18-20°).
S c a n n in g . The s t a in e d ,  d ried  c e l lu lo s e  a c e ta t e  s tr ip s  
were  f lo a ted  on a paraffin  f rac tion  of ap p ro p ria te  re f ra c t iv e  in d ex  
(F lozene 85) acco rd ing  to  K o h n \  and th u s  ren d e red  t r a n s p a r e n t .
The c e n tra l  6 cm of the  s t r ip ,  carry ing  the  p ro te in  p a t te rn ,  w as cu t 
out and s l ip p e d  in to  a s can n in g  c e l l  : a 7 .5  x 2 .5  cm m ic ro sco p ic  
s l id e  m ounted on a rim 2 mm h ig h ,  and  s e a le d  a long one of th e  long
and the  two short ed g es  to  a 6 x 9 cm pho tograph ic  p la te .  The
53
re s u l t in g  ch am b e r ,  of 71 x 23 x 2 mm vo lum e, w as f i l led  w ith
F lozene  b e fo re  r e c e iv in g a i  e le c tro p h o re t ic  s t r ip .  Thus, w ith in  th e
c e l l ,  th e re  w as no re f ra c t iv e  in te r fa c e  in  the  pa th  of the  l ig h t  b e am .
All p a t te rn s  w ere  e v a lu a te d  by a record ing  s t r ip - s c a n n e r  (B eckm an/
Spinco 'A n a ly tro l ')  , u s in g  the  film d e n s i to m e te r  a t ta c h m e n t .  The
scan n in g  c e l l  w as c lam ped  d ire c t ly  to  the  carry ing  p la te  of the
m ic ro a n a ly se r .  We em ployed th e  s m a l le s t  s l i t  su p p l ie d  w ith  th e
equ ipm ent (0.1 mm), and sca n n e d  a t  a sp ee d  of 1.86 cm /m in .  th a t
i s ,  abou t th re e  m inu tes  per s t r ip .  This am ounts  of a m ag n if ic a t io n
fac to r  of 4 . 6 5 - f o ld .  All m easu rem en ts  re fe r  d i re c t ly  to th e  a re a s
under the  c u r v e s ,  a s  in te g ra te d  by th e  m a ch in e .  C h ec k s  were m ade
2
only  for a r e a s  l e s s  than  0 .5  cm , in w hich  c a s e  the  m illim etre  
sq u a re s  on th e  scan n in g  s h e e t  were  c o u n ted .
T es t  s a m p l e s . Six pro te in  p rep a ra t io n s  were u s e d  in  
s tan d a rd iz in g  th e  s ta in in g  te c h n iq u e s :
Bovine serum a lbum in , Armour F rac tion  V, tw ic e  
r e c r y s t a l l i z e d .
Human serum a lbum in , N u tr i t iona l B iochem ica ls  C o . , 
c r y s t a l l i n e .
O v a lb u m in , N u tr i t io n a l  B iochem ica ls  C o . ,  tw ice
r e c r y s t a l l i z e d ,  s a l t  f r e e .
6R abbit y - g lo b u l in , Armour F rac tio n  III co n ta in in g  
80% y - g lo b u l in ,  th e  r e s t  of th e  p lasm a  p ro te in s  
be in g  red u ced  to  d iffe ren t e x te n t .
L ysozym e, L. Light & C o . L td.
In su lin  (bovine) , C om m onw ealth  Serum L ab o ra to rie s  ,
" pool C " , tw ice  r e c r y s ta l l i z e d .
All t e s t  sam p les  w ere m ade up to  abou t 20 m g/m l c o n c e n tra tio n  in  
buffer; th e  tru e  c o n c e n tra tio n s  w ere d e riv ed  from th e  K je ldah l-N  
v a lu e  m u ltip lied  by th e  fa c to r a p p ro p ria te  for th e  r e s p e c tiv e  s u b s ta n c e .  
In th e  c a s e  of ra b b it y - g lo b u l in ,  an  in hom ogeneous p re p a ra tio n , th e  
co n v en tio n a l av e rag e  fa c to r 6 .2 5  w as u s e d .
EXPERIMENTAL
P rin c ip les  of S creen ing  and  B asic  T ests
W hen ch o o sin g  th e  d yes , our f i r s t  c r ite r io n  w as s e t  by th e  
equ ipm ent we w ish ed  to  u se  for e v a lu a tin g  e le c tro p h o re tic  p a t te rn s . 
This s c a n n e r  is  su p p lie d  w ith  f i l te r s  b e tw ee n  450 and  650 mp,  a t 
50 mp s t e p s .  The ‘m a tc h e d 1 f i l te r s  of our in s tru m e n t w ere found 
to  d iffe r from e a c h  o th e r by a s  much a s  25 mp in  th e ir  tra n sm itta n c e  
m axim a, and  by a s  m uch a s  15 mp from th e ir  ra te d  peak  v a lu e s .  We
7had  to  look  th e re fo re  for d y es  w h o se  p ro te in  com plex  w ould  show  
broad  a b so rp tio n  m axim a around th e  m ean v a lu e s  s e t  by th e  f i l te r s  , 
and p re fe ra b ly  in  th e  ran g e  from 55 0 to  650 mp w here th e  h ig h e s t  
s e n s i t iv i ty  of th e  p h o to -c e l ls  f a l l s .  The seco n d  c rite r io n  w as s e t  
by th e  n e ed  for q u a n ti ta t iv e  e v a lu a tio n , and h e n ce  on ly  su ch  d y es  
and s ta in in g  p ro c e d u re s  w ere c o n s id e re d  w hich  re s u lte d  in  o p tic a l 
d e n s ity  p ro p o rtio n a te  to  p ro te in  c o n c e n tra t io n . The th ird  c rite r io n  
dem anded  th a t  th e  dye  sh o u ld  sh o w  no a ff in ity  for fu lly  a c e ty la te d  
c e l lu lo s e ,  and  th u s  le a v e  a c le a r  b ack g ro u n d  on w hich th e  s ta in e d  
p ro te in  w ould  s ta n d  o u t. S im p lic ity  w as reg a rd ed  a s  a fu rth er 
re q u ire m e n t, a u to m a tic a lly  ru ling  ou t a la rg e  c la s s  of d y es  bound 
to  th e ir  s u b s tr a te  a f te r  com plex  m ordan ting  and fix ing  re a c t io n s .
The b a s ic  ex p erim en ts  w ere c o n d u c te d  on re p lic a te  s tr ip s : 
one m ic ro litre  of ra b b it  serum  w as e le c tro p h o re se d  for 150 m in u te s , 
g iv ing  a s e p a ra tio n  of ab o u t 4 .5  cm b e tw ee n  th e  album in  and 
y -g lo b u lin  p e a k s .  F ifty  to  hundred  su ch  s tr ip s  w ere p repared  a t a 
tim e and  su b m itted  to  fa c to r ia l  ex p erim en ts  in  w hich  th e  c o n c e n tra ­
tio n  of th e  d y e , th e  tim e of s ta in in g , th e  d i lu e n t , and th e  medium 
and tim e of d if fe re n tia tio n  w ere th e  v a r ia b le s .  After e lim in a tin g  
s e v e ra l  la rg e  c l a s s e s  of d y e s ,  among them  th e  com m only u sed  
Amido B la ck , L issam in e  G reen ,A zocarm ine  and Brom phenol B lue,
8we re ta in e d  two groups of com pounds a s  m ost p ro m is in g . The 
re a c t io n s  of th e s e  w ill  be  d e s c r ib e d  in  w hat fo l lo w s .
Procion  Blue
D yeing c h a r a c t e r i s t i c s . The Procion d y e s ,  r e le a s e d  in 
195 7 ,  h av e  th e  g e n e ra l  s tru c tu re
The C l - s u b s t i t u t e d  t r ia z in y l  g roup i s  h igh ly  re a c t iv e  and  w ill
com bine  w ith  a lc o h o l ic  and am ino g roups  through e lim in a tio n  of
H C 1. There i s  fu r ther e v id e n c e ,  o b ta in e d  by in d ep en d en t m ethods
4 5 6in  s e v e ra l  la b o ra to r ie s  ' ' , th a t  su ch  s u b s t i tu t io n  occu rs  a l s o
a t  the  p ep tid e  bonds  of nylon; i t  i s  m ost l ik e ly  th e re fo re  th a t  
s im ila r  co m b in a tio n s  are  formed w ith  p ro te in s ,  to o .  At a lk a l in e  pH 
th e s e  d y es  r e a c t  w ith  w ater: i t  i s  e s s e n t i a l  th e re fo re  to  u s e  f re sh ly  
p re p a re d ,  a c id ic  b a th s  for d y e in g .  S in ce  c o v a le n t  bonds are  form ed, 
w ith  th e  equ ilib rium  w ell  tow ards  the  d y e -p ro te in  co m p lex , the  
p ro c e ss  may b e  reg a rd ed  a s  q u a n t i ta t iv e  a n d ,  for p ra c t ic a l  p u rp o s e s ,
S O  3------C h r o m o p h o f e ----- n  H— C
V \I r.N
N /
i r r e v e r s ib le  u nder  ord inary  c o n d i t io n s .
9Of th e  s e t  of tr ia z in y l d y e s  P rocion  B rillian t Blue RS (ICI) 
w as c h o se n  a s  i t  had  th e  h ig h e s t  co lo u r in te n s i ty  of th o se  te s t e d ,  
w ith  a b road  peak  of a b so rp tio n  c e n tre d  on 602 m p. The a b so rp tio n  
w as found to  be 88 and  93% of th e  maximum a t 575 and  625 mp 
r e s p e c t iv e ly .  I t is  a ls o  w orth n o tin g  th a t  the  a b so rp tio n  sp e c tra  of 
th e  free  dye and of i t s  p ro te in  co m p lex es  do n o t d iffe r a p p re c ia b ly , 
a fa c t  th a t  fo llow s from th e  in s u la tio n  of th e  chrom ophoric  m oiety  
of th e  dye m o lecu le  from i ts  tr ia z in y l  r in g , th rough  w hich  coup ling  
ta k e s  p la c e .
S tandard  s ta in in g  p ro c e d u re . After experim en ting  w ith  
d y e -b a th s  s e t  a t  p a r tic u la r  h y d ro g e n -io n  c o n c e n tra tio n s  and  co n ­
ta in in g  v a rio u s  s a l t s  in  order to  sh if t  th e  p a r titio n  of th e  dye in  
favour of th e  p ro te in , we found th a t  ra th e r  b e tte r  r e s u l ts  w ere 
o b ta in ed  by av o id in g  aq u eo u s  s o lu tio n s  and  m aking up Procion 
Blue in  m e th a n o l. As a r e s u l t ,  a l l  p ro te in  fra c tio n s  s ta in e d  a s  
in te n s iv e ly ,  y e t th e  background  d id  n o t re ta in  th e  dye and f ix a tio n  
of p ro te in s  a s  a p re lim in ary  to  s ta in in g  w as ren d e red  s u p e rf lu o u s .
The p ro ced u re  found op tim al is  a s  fo llo w s : -  
(1) After e le c tro p h o re s is  im m erse th e  c e l lu lo s e  a c e ta te
s tr ip s  d ire c t ly  in to  th e  d y e -b a th  (5 g /1  Procion 
B rillian t B lue RS and  20 m l/1 c o n e .  HC1 in  m ethanol)
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fo r 5 m inu tes a t  room te m p e ra tu re . The tim e is  no t 
c r i t ic a l :  tw ic e  a s  long s tee p in g  w ill g iv e  th e  sam e 
r e s u l t s .
(2) W ith o u t drying tra n s fe r  th e  s tr ip s  to  a b a th  of pure 
m eth an o l for 5 m in u te s . M ost o t th e  b ackg round  w ill 
b e  rem o v ed , th e  s ta in e d  ban d s of p ro te in  becom e 
c le a r ly  v is ib le .
(3) R ep ea t s te p  (2), to  rem ove la s t  t r a c e s  of dye from the  
c e l lu lo s e  a c e ta te .
(4) Dry s t r ip s ,  e ith e r  s tre tc h e d  on w ooden fram e o r, 
p re fe ra b ly , in  a p h o to g raph ic  g la z e r ,  a t  60°C  for 
ab o u t 5 m in u te s . By th e  seco n d  p rocedu re  th e  cu rling  
of th e  s tr ip  a t  th e  ed g es  can  be  a v o id e d , and  th u s  
s u b se q u e n t in s e r tio n  in to  th e  sca n n in g  c e l l  is  
f a c i l i t a t e d .
R e la tio n sh ip  of o p tic a l d e n s ity  and  c o n c e n tra tio n . Four 
p ro te in s  (o v a lb u m in , bov ine  serum  a lb u m in , hum an serum  album in 
and lysozym e) w ere m ade up to  c o n c e n tra tio n s  rang ing  from 0 .2  to  
2%, and 4 p i vo lum es of e a c h  d ilu tio n  a p p lie d  over 2 cm w idth  of 
c e l lu lo s e  a c e ta te  s t r ip s .  After 30 m in . e le c tro p h o re s is  a t 10V/cm 
p o te n tia l g ra d ie n t ,  th e  s tr ip s  w ere s ta in e d  w ith  P rocion  B lue,
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d r ie d , m ade tr a n s p a r e n t ,  and sc a n n e d  a t  th e  w av e len g th  of 600 m p. 
F igure 1 g iv e s  th e  r e s u l ts  of one su ch  e x p e rim en t, o b ta in e d  by 
u s in g  cam  B2 of th e  p h o to m ete r. By th is  a rran g em en t o p tic a l 
d e n s ity  is  re c o rd e d , and  th e  c o n c e n tra tio n -re s p o n s e  re la tio n s h ip  
w ill be  l in e a r  over th e  ran g e  w here B e e r 's  law  is  o b ey ed .
(Figure 1)
E v id e n tly , th e  c u rv e s  a re  w e ll f i t te d  by s tra ig h t l in e s  
over th e ir  w hole  le n g th , and a l l  e x tra p o la te  to  zero  c o n c e n tra tio n . 
This co m b in a tio n  of fin d in g s  in d ic a te s  th a t  B e e r 's  law  may be ta k en  
a s  a v a lid  d e s c r ip t iv e  m odel of th e  o p tic a l b eh av io u r of P rocion 
B lu e -p ro te in  c o m p le x e s , a t  l e a s t  over th e  ran g e  te s t e d .  This 
e x ten d s  from o p tic a l  d e n s ity  re a d in g s  of 0 .0 7  to  1 .5  0 , and 
co rre sp o n d s  to  3 to  40 pg p ro te in  a p p lie d  a c ro s s  1 cm w id th .
The sam e s tr ip s  w ere a ls o  sca n n e d  w ith  cam  B1 , w here 
th e  reco rd ed  re s p o n s e  is  p ro p o rtio n a te  to  t r a n s m is s io n . At low  
le v e ls  of a b so rp tio n  th e  re la tio n s h ip  sh o u ld  be  in d is tin g u is h a b le  
from lin e a r  s in c e  ln ( l - c )  ± - c ,  p rov ided  c «  1. H o w ev er , a s  th e  
in i t ia l  ra te  of c h an g e  here  is  m uch s te e p e r  th an  w hen o p tic a l 
d e n s ity  is  be in g  p lo tte d  a g a in s t  c o n c e n tra tio n , th e  s e n s i t iv i ty  of 
th e  m ethod sh o u ld  be  a p p re c ia b ly  in c re a s e d  over th e  ap p ro p ria te
ra n g e . The c u rv e s  in  F igure 2 a re  se e n  to  be lin e a r  up to  c o n c e n -
tooo
Quantity of protein (pg/cm )
F igure  1 . O p tic a l d e n s ity  scans o f p ro te in s  s ta in e d  w ith  
P roc ion  B lu e .
(Bovine serum  a lbum in  |  , human serum  a lbum in  % ,
ly so zym e  □  and ova lb u m in  O w ere e le c tro p h o re s e d  on 
c e llu lo s e  a ce ta te  s t r ip s ,  s ta in e d  w ith  P roc ion  B lue and 
scanned a t a w a ve le n g th  o f 600 mp in  a S p inco  ‘ A n a ly tro l*  
in te g ra tin g  pho tom e te r.
The cu rves  are f i t te d  b y  the  m ethod o f le a s t squares . 
D e v ia tio n s  from  Beer*s la w  are in d ic a te d  by  b roken  l in e s ) .  
Each p o in t rep resen ts  the mean of fo u r d e te rm in a tio n s .
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(F igure 2)
tra t io n s  co rrespond ing  to  an o p tic a l  d e n s ity  of 0 . 6 ,  i . e .  , to  
a t  l e a s t  20 pg of p ro te in  per cm of s t r ip .  The le v e l of d e te c tio n  
i s  lo w ered  to  abou t 1 pg p ro te in /c m . The s c a t te r  ab o u t th e  c u rv e s  
i s , on th e  w h o le , g re a te r  th an  in  th e  c o n c e n tra tio n  -  o p tic a l 
d e n s i ty  p lo ts  , la rg e ly  due to  th e  u n c e r ta in ty  of th e  re a d in g s  a t  th e  
low er end  of the  s c a l e .
C o o m a ss ie  Blue
D yeing c h a r a c te r i s t i c s .  A num ber of tr ip h en y lm e th an e  
d y e s  w ere found to  g iv e  s tro n g ly  co lo u red  p ro te in  b an d s  w ithou t 
i r r e v e rs ib ly  com bining w ith  c e l lu lo s e  a c e ta te .  Of th e s e  we found 
C o o m a ss ie  B rillian t Blue R 250 (ICI) m ost s u i ta b le ,  on a cc o u n t of 
i t s  e x c e p tio n a lly  h igh  co lou r in te n s i ty  and  of th e  p o s itio n  of i t s  
a b so rp tio n  p e a k . This d y e , b e lo n g in g  to  th e  M ag en ta  fam ily , is  
c la s s i f ie d  in  th e  C olour In d ex  under th e  nam e of Acid Blue 83 
(Cl 42660) and  h a s  th e  s tru c tu re
2 0 0 0
®  1000
Quantity of protein (ug /cm )
F igu re  2 . T ransm itta nce  scans o f p ro te in s  s ta in e d  w ith  
P rocion B lu e .
(Bovine serum a lbum in  |  , human serum a lbum in  @ ,
ly s o z y m e  q  and o va lb u m in  O w ere e le c tro p h o re se d  on 
c e l lu lo s e  a ce ta te  s t r ip s , s ta in e d  w ith  P roc ion  B lue and 
scanned a t a w a ve le n g th  o f 600 mp in  a S p inco  'A n a ly tro l*  
in te g ra t in g  pho tom e te r. The cu rves  are f i t te d  by  the  m ethod 
o f le a s t  squa re s . D e v ia t io n s  from  B e e r 's  la w  are in d ic a te d  
b y  b roken  l in e s ) .
Each p o in t rep resen ts  the  mean o f fo u r d e te rm in a tio n s .
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In s lig h tly  a c id  m e d ia , th e  d y e -a n io n  i s  e le c tro s ta t ic a l ly  
a t tra c te d  to  th e  N+H -g ro u p s  of th e  p ro te in , and w ith in  th is  prim ary
O
co m b in a tio n  van  d er W aals  fo rce s  ho ld  th e  re a c ta n ts  to g e th e r . The 
d y e -p ro te in  com plex  is  firm , a lth o u g h  fu lly  re v e rs ib le  by d ilu tio n  
under a p p ro p ria te  co n d itio n s  of pH . I t is  known th a t on drying th e  
dye d is s o c ia te s  and m ig ra te s  to w ard s  th e  h o tte r  su rfa ce  -  a po in t 
to  be rem em bered  w hen d es ig n in g  or e v a lu a tin g  p ra c t ic a l  p ro ced u res  .
C o o m ass ie  Blue d is s o lv e d  in  0 .01  M c itra te  b u ffer a t pH 3 
h a s  i t s  peak  of a b so rp tio n  of 555 n ip , w ith  74% and  83% of the  
maximum ab so rb ed  a t  525 and 5 75 mp r e s p e c t iv e ly .  The p ro te in -  
dye co m plex  is  c h a ra c te r iz e d  by a peak  s lig h tly  b ro ad er th an  th a t 
of th e  free  d y e , and a naxim um  a t 549 m p. Apart from i ts  b r i l l ia n c e ,  
i t  w as th is  a lm o s t n e g lig ib le  s p e c tra l  s h if t  b e tw een  the  free  and 
bound d y e -a n io n  w hich  led  u s  to  c h o o se  i t  for our p u rp o s e s .
S tan d ard  s ta in in g  p ro c e d u re . U n like  P rocion  B lue , 
C o o m a ss ie  Blue d is so lv e d  in  m ethano l d o es  n o t d if fe re n tia te  b e tw een  
p ro te in s  and c e l lu lo s e  a c e ta te ,  and  th u s  h a s  to  be u se d  in  aq u eo u s 
s o lu t io n s .  C o n se q u e n tly , th e  p ro te in s  h av e  to  be fix ed  to  th e  
su p p o rtin g  s tr ip  befo re  s ta in in g . The p ro ced u re  found op tim al is
a s  fo llo w s:
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(1) Fix pro te in  by im m ersing  e le c tro p h o re t ic  s tr ip  in  
200 g /1  su lfo  s a l i c y l i c  a c id  in w a te r ,  for 1 m in u te .
(2) W ithout r in s in g ,  t r a n s fe r  s t r ip s  to  d y e -b a th  (2 .5  g/1 
C o o m a ss ie  B rillian t Blue R 250 in  g l a s s - d i s t i l l e d  
water) for 5 m in. (The u s e  of w a te r  free  from t r a c e s  
of h eav y  m e ta ls  is  e s s e n t i a l ,  a s  th e s e  fundam enta l ly  
a l te r  th e  s ta in in g  p ro p e r t ie s  of the  dye  and p reven t 
i t s  su b se q u e n t  rem oval from the  b a ck g ro u n d .)
(3) Remove background  s ta in  by four r in s e s  of 5 m in . each  
in  d i s t i l l e d  w a te r .
(4) Dry s t r ip s  e i th e r  on w ooden frame o r ,  p re fe rab ly ,in  
photograph ic  g la z e r  a t  90°C  for 15 m in s .
R e la t io n sh ip  of o p t ic a l  d e n s i ty  and c o n c e n t ra t io n .  The 
sam e four p ro te in s  a s  u s e d  in  th e  te s t in g  of Procion Blue were made 
up a t  c o n c e n tra t io n s  rang ing  from 0 .01  to  1 .0 % , and  4 pi of e ach  
w as  a p p l ie d  over 2 cm w idth  of c e l lu lo s e  a c e ta t e  s t r ip s .  After 
e le c t ro p h o re s is  a t  10V/cm for 30 m in . th e  s t r ip s  were f ixed  in  
s u l f o s a l i c y l ic  a c id  and  s ta in e d  acco rd ing  to th e  s tan d a rd  procedure  
d e s c r ib e d  a b o v e .  The d ried  s t r ip s  were made t r a n s p a re n t  and s c a n n e d  
a t  55 0 m p, f i r s t  by u s in g  cam B2 (op tica l  d e n s i ty  recorded) and then  
by u s in g  cam B1 ( t ran sm is s io n  re c o rd ed ) .  The r e s u l t s  a re  shown in
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F ig u res  3 and 4 .
(Figure 3)
A lthough , due to  i t s  h ig h  co lo u r in te n s i ty ,  C o o m ass ie  
Blue w as e v a lu a te d  on a s e t  of t e s t  p ro te in s  tw o to  te n  tim es  more 
d ilu te  th an  th e  s e r ie s  u se d  for P rocion  B lu e , d e v ia tio n s  from B e e r’ s 
law  becom e obv ious from th e  o p tic a l  d e n s i ty  read in g  of 0 .8  u p w a rd s , 
co rre sp o n d in g  to  c o n c e n tra tio n s  of 0.5%  or h ig h e r (Figure 3 ). 
H o w ev er, a l l  th e  c u rv e s  p a s s  th ro u g h  th e  o rig in  and h e n ce  may be 
u se d  for q u a n tita tiv e  e s tim a tio n  of p ro te in -b o u n d  dye over th e ir  
l in e a r  lim b . S ig n ific an t re a d in g s  c a n  be  m ade in  th e  c o n ce n tra tio n  
ran g e  of 0 .0 5  -  0.5%  of th e  o r ig in a l s o lu t io n s ,  or b e tw een  1 and 10 
pg p ro te in  ap p lie d  a c ro s s  1 cm w id th .
(Figure 4)
R ecording tra n s m is s io n  (Figure 4) le a d s  to  s im ila r  c o n ­
c lu s i o n s . In d e e d , th e  sco p e  of q u a n tita tiv e  e v a lu a tio n  h e re  is  
g r e a te r ,  ex ten d in g  over a 20-foJ.d ra n g e , from 0 .2  pg to  4 pg of 
p ro te in /c m  w id th . Even though  th e  in te rc e p ts  a re  e s tim a te d  w ith  
ra th e r  low er a c c u ra c y  th an  on th e  o p tic a l  d e n s i ty  v e rsu s  c o n c e n tra ­
tio n  p lo ts ,  th e  c u rv e s  a re  once  a g a in  s e e n  to  e x tra p o la te  th e  z e ro , 
th u s  v a lid a tin g  d ire c t  e s tim a tio n  of p ro te in -b o u n d  dye over th e  lo w er,
lin e a r  p a rts  of th e  p lo t s .
1 0 0 0
Quantity of protein (pg/cm)
Figure 3. O p tica l  d e n s i ty  s c a n s  of p ro te in s  
s ta in e d  w ith  C o o rn a ss ie  B lu e .
(Bovine serum album in  |  , hum an serum
album in®  , ly so zy m e  □  and ovalbum in  O 
w ere e le c t ro p h o re se d  on c e l l u lo s e  a c e ta te  
s t r i p s ,  s ta in e d  w ith  C o o rn a ss ie  Blue and scan n ed  
a t  a w av e len g th  of 55 0 mp in  a S p inco  'A n a ly t ro l1 
in teg ra t in g  pho to m ete r .  The c u rv e s  a re  f i t ted  by the  
m ethod of l e a s t  s q u a r e s .  D e v ia t io n s  from Beer*s 
law  are  in d ic a te d  by broken  l i n e s .
Each poin t r e p re se n ts  the  m ean of four d e te rm in ­
a t i o n s .)
2 0 0 0
Quantity of protein (pg/cm)
Figure 4 .  T ransm ittance  s c a n s  of p ro te in s  s ta in e d  
w ith  C o o m a ss ie  B lue,
(Bovine serum album in  |  , human serum  a lb u m in ®  ,
ly so zy m e  □  and ovalbum in  O w ere e le c t ro p h o re se d  
on c e l l u lo s e  a c e ta t e  s t r i p s ,  s ta in e d  w ith  C o o m a ss ie  
Blue and  sca n n e d  a t  a w av e len g th  of 55 0 mp in  a Spinco  
*A naly tro l‘ in te g ra t in g  p ho tom ete r .  The c u rv e s  a re  
f i t te d  by the  m ethod of l e a s t  s q u a r e s .  D e v ia t io n s  from 
Beer*s law  a re  in d ic a te d  by broken  l i n e s .
Each po in t r e p re s e n ts  the  m ean  of four d e te r m in a t io n s ) .
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Q u a n tita tiv e  e s tim a tio n  of p ro te in s
D iffe re n c e s  b e tw ee n  s u b s t r a t e s . As a b a s is  of
co m p ariso n  tw o com m only u s e d  ch em ica l m ethods w ere ch o sen :
th e  d e te rm in a tio n  of n itro g en  by th e  m ic ro -K je ld ah l p ro c e d u re ,
7
and th e  pho tom etric  m ethod of Lowry e t a l . , b a se d  on th e  t i tra tio n
of ty ro sy l r e s id u e s .  A 1% so lu tio n  of c ry s ta l l in e  bov ine  serum
album in  se rv ed  a s  s ta n d a rd , and  a l l  c o n c e n tra tio n s  w ill be  e x p re s s e d
in  th e s e  te rm s . The m o lecu la r w e ig h ts  of th e  t e s t  s u b s ta n c e s  ran g ed  
3 5from 6 x  10 (bovine in su lin )  to  1 .7  x 10 (rabb it y -g lo b u l in ) . Each 
of th e s e  p ro te in s  w as h ig h ly  p u rif ied  a n d , w ith  th e  e x ce p tio n  of 
ra b b it y - g lo b u l in , c ry s ta l l in e  or a t  le a s t  e le c tro p h o re tic a lly  hom o­
g en eo u s  .
(Table 1)
As e x p e c te d , th e  e s t im a te s  of c o n c e n tra tio n  o b ta in e d  by 
th e  four te c h n iq u e s  d iffe r from e a c h  o th e r acco rd in g  to  th e  k ind  of 
p ro te in  t e s t e d .  The K j© ldahl-N  v a lu e s  d iffe r ap p re c ia b ly  on ly  in  th e  
c a s e  of ly so z y m e , a p ro te in  know n to  be  of c o n s id e ra b ly  h ig h e r th an  
av e rag e  n itro g en  c o n te n t .  The a v e ra g e  d iffe ren c e  from th e  bov ine  
serum  album in  s tan d a rd  is  ± 7% , w h ile  L o w ry 's  m ethod is  s e e n  to  
d e v ia te  by ± 12%. A veraged o v e r th e  f i r s t  fiv e  p ro te in s , th e  Procion 
Blue v a lu e s  h av e  a s c a t te r  of ± 6% in  te rm s of th e  s ta n d a rd , and th e
TABLE 1
C om parison  of m ethods for the  e s t im a t io n  of p ro te in s
Protein
M icro -K je ld ah l Lowry
M ethod of E s tim a tion
Procion Blue
o p t ic a l  d e n s i ty  t ra n sm it ta n c e
C o o m a ss ie  Blue
o p t ic a l  d e n s i ty  t ra n sm it ta n ce
Bovine serum  album in  * 1 .0 0 1 .0 0 1 .0 0 1 .0 0 1 .0 0 1 .0 0
Human serum  album in 0 .9 9 0 .9 6 0 .9 7 0 .9 4 1 .1 5 1 .1 6
Ovalbumin 0 .9 8 0 .9 9 0 .9 0 0 .8 9 1 .3 3 1 .3 9
Rabbit - / -g lo b u l in 1 .0 0 0 .81 1 .0 3 0 .9 7 1 .0 6 1 .0 5
Lysozyme 1 .1 6 1 .0 9 1 .05 1 .0 5 0 .8 2 0 .7 5
Insu lin  ** 0 .9 8 1 .1 6 > 0 .41 > 0 .4 2 > 0 .5 2 ^ 0 . 6 1
The f ig u res  r e p re s e n t  m eans  of 10-12  d e te rm in a t io n s ,  and  show  th e  e s t im a te d  p ro te in  
c o n te n t  in  te rm s of th e  bov ine  serum  album in  s tan d a rd  (*).
** The Procion and  C o o m a ss ie  Blue v a lu e s  a re  u n d e r e s t im a te s , due to  lo s s  of in s u l in  
during th e  dye ing  p ro ced u re .
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C o o m a ss ie  Blue e s t im a te s  d e v ia te  by ± 21%. The re a d in g s  for 
in s u l in  a re  in o rd in a te ly  low  a f te r  e i th e r  of th e  s ta in in g  p ro c e d u re s .  
H o w ev e r ,  co n tro l  tes ts  show ed th a t  bo th  in s u l in  and i t s  Procion 
B lu e -co m p lex  a re  so lu b le  in m e th a n o l ,  and  s u l fo s a l i c y l ic  a c id  does  
n o t  f ix  th is  p ro te in  to c e l lu lo s e  a c e t a t e .  Thus th e  low  re a d in g s  are  
due  to  le a c h in g  out of the  s u b s t r a te  in to  th e  d y e - b a th ,  and  h en ce  
th e  in c lu s io n  of in su l in  in to  th e  a v e rag e  would be  u n fa ir .  The sam e 
h o ld s  for som e sm all  p ep tid e s  on w hich  we performed s im ila r  
ex p e r im en ts  -  an  a l te rn a t iv e  p rocedure  covering  th e s e  w ill  be  
p u b l ish e d  s e p a r a te ly .
If th e  p ro te in s  t e s t e d  may be  reg a rd ed  a s  a r e p re se n ta t iv e  
s e t ,  th i s  would m ean th a t  a q u a n t i ta t iv e  e s t im a te  of an  unknown 
p ro te in  w ould  fa l l  be tw een  0 .8 6  and 1 .1 6  w ith  95% p ro b a b i l i ty ,  u s ing  
th e  K je ldah l p ro c e d u re ,  b e tw een  0 .7 6  and  1 .2 4  when a s s a y e d  by the  
Lowry t e s t ,  b e tw ee n  0 .87  and 1 .1 1  when reco rd ing  o p t ic a l  d e n s i ty  
w ith  Procion  B lue , and b e tw een  0 .8 5  and  1 .0 9  w hen a s s a y e d  by 
t r a n s m i t ta n c e .  C o o m a ss ie  Blue would co v er  the  range  of 0 .7 0  to  
1 .45  and  0 .6  0 to  1 .5 4  for o p t ic a l  d e n s i ty  and t ra n sm it ta n c e  
r e s p e c t iv e ly .  W ith known s u b s t r a t e s ,  of c o u r s e ,  d e f in i t io n  of a 
fa c to r  w ould  a l lo w  transfo rm a tion  of r e s u l t s  o b ta in ed  w ith  any  one
te c h n iq u e  in to  th o s e  of any o th e r ,  or in to  term s of dry w e ig h t .  The
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fig u re s  o b ta in e d  w ith  ly so zy m e  show  up th e  p a rtic u la r  l im ita tio n s  
of C o o m a ss ie  Blue: th e  c h a n c e s  of co m p lem en ta rin e ss  b e tw een  th e  
r e la t iv e ly  r ig id , p la te - s h a p e d  dye  m o lecu le  and th e  sm all p ro te in s  
of p a rtly  random  sec o n d a ry  s tru c tu re  a re  lo w , and the  in te n s i ty  of 
s ta in in g  fa l ls  aw ay  d isp ro p o rtio n a te ly  w hen com pared  to  th e  d y e -  
a lbum in  or d y e -g lo b u lin  c o m p le x e s . H ow eve r , even  a f te r  d i s ­
re g a rd in g  re a c tio n s  w ith  th e  s m a lle s t  s u b s t r a te s ,  C o o m ass ie  Blue 
w ould  s t i l l  show  a v a r ia tio n  of 0 .8 5  to  1 .4 2  and 0 .8 0  to  1 .5 0  in  
te rm s of th e  bov ine  serum  album in  s ta n d a rd . P rocion B lue, on th e  
o th e r h a n d , com pares w e ll w ith  th e  tw o ch em ica l m e th o d s . In d e e d , 
i t s  ran g e  of v a r ia tio n  is  le s s  th an  th a t of th e  Lowry te c h n iq u e , due 
no d o ub t to  th e  more even  d is tr ib u tio n  of s i t e s  w ith in  p ro te in s  a t 
w h ich  th e  dye can  form bonds th an  th e  d is tr ib u tio n  of th e ir  ty ro sy l 
r e s i d u e s .
A ccu racy . T es ts  under th is  h ead in g  w ere perform ed on a 
‘g lo b u lin  frac tion*  of ra b b it se ru m , o r ig in a lly  p rep ared  for th e  
e s tim a tio n  of i ts  an tib o d y  c o n te n t . It w as c h o se n  b e c a u s e  i t  c o n ­
ta in e d  co m p arab le  q u a n ti t ie s  of a lb u m in , a - , ß -  and  y -g lo b u i in ,  and 
th u s  th e  s iz e  of th e  four p ro te in  ban d s co u ld  be e s tim a te d  w ithou t 
th e  r is k  th a t  any of them  w ould fa ll  on th e  n o n - lin e a r  lim bs of th e  
re s p o n s e  c u rv e s . The p re p a ra tio n  c o n ta in ed  1 .2 8  mg N /m l, as
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d e term in ed  by th e  m ic ro -K je ld ah l p ro c e d u re , and th u s  8 .0  pg of 
p ro te in /m l. Four d ilu tio n s  (0 .2 5 :1 , 0 .5 0 :1 , 0 .7 5 :1 , 1:1) w ere 
m ade up and e a c h  a p p lie d  to  2 p i v o lu m e s /cm  a c ro s s  6 c e l lu lo s e  
a c e ta te  s t r ip s .  The to ta l  q u a n tity  of p ro te in  a p p lie d  w as th u s  
4 , 8 , 12 and  16 p g /cm  w id th . After a run of tw o hours a t a 
p o te n tia l g ra d ie n t of 10V/cm, a th ird  of th e  s tr ip s  w as s ta in e d  
w ith  P rocion  B lu e , a th ird  w ith  C o o m a ss ie  Blue and  a th ird , for 
sak e  of co m p ariso n  w ith  one of th e  p o p u la r s ta in in g  te c h n iq u e s  , 
w ith  Amido B lack . Each of th e  s tr ip s  w as sca n n e d  -  bo th  for o p tic a l 
d e n s ity  and  tra n s m is s io n  -  a t tw o le v e ls  of th e  b a n d s , to  a llo w  
in d e p en d e n t e v a lu a tio n  of th e  e v e n n e s s  of app ly ing  th e  s a m p le s .
This p rov ided  32 e s tim a te s  a t e ac h  of th e  4 le v e ls  of c o n c e n tra tio n , 
w ith  e a c h  of th e  th re e  d yes . The e x p e rim en ta l d a ta  a re  g iv en  
in  fu ll (Figure 5) , and  th e  p e rc e n tu a l d is tr ib u tio n  of th e  m ain c la s s e s  
of serum  p ro te in s  in  th is  p re p a ra tio n  h a s  a ls o  b een  w orked out 
from e ac h  of th e  s c a n s  (Figure 6 ). A re p re s e n ta t iv e  sc a n  of the  
'g lo b u lin  f r a c t io n 1 is  p re se n te d  in  F igure  7 . The error of th e  
p e rc e n tu a l e s t im a te s  w as o b ta in e d  by su b m ittin g  th e  d a ta  to  an 
a n a ly s is  of v a r ia n c e ,  w h ile  th e  s lo p e s  of th e  re g re s s io n  l in e s ,  
f i t te d  by m aximum lik e lih o o d  m e th o d s , w ere com pared  by co v a rian c e
(Figure 5)
FIGURE 5 Q u a n tita tiv e  e s tim a tio n  of serum  p ro te in s
(D ilu tio n s  of a ‘g lo b u lin  frac tio n *  of ra b b it  serum  w ere 
e le c tro p h o re se d  for 2 hr a t a p o te n tia l  g ra v ie n t of 10V/cm in
It
th e  A ro n sso n -G ro n w all bu ffer on c e l lu lo s e  a c e ta te  s t r ip s .  The 
p ro te in  b an d s w ere s ta in e d  w ith  P rocion  B lue , C o o m a ss ie  Blue 
or Amido B lack an d  sca n n e d  a t  600 m p, 55 0 mp or 550 mp w av e­
le n g th  r e s p e c tiv e ly  in  a Sp inco  ‘A nalytrol* in te g ra tin g  p h o to ­
m e te r . The s te e p e r  cu rv es  r e p re s e n t  s c a n s  for t ra n s m itta n c e , 
th e  f la t te r  o n es  for o p tic a l d e n s i ty .  The low er tw o d ilu tio n s  
s ta in e d  w ith  Amido Black d id  no t perm it e v a lu a tio n  by o p tic a l 
d e n s ity  re a d in g s .  The cu rv es  a re  f i t te d  by th e  m ethod of le a s t  
s q u a r e s .  D e v ia tio n s  from B eer*s law  a re  in d ic a te d  by b roken  
l i n e s .
The sym bols a  and G re fe r  to  re a d in g s  a t  tw o 
le v e ls  of th e  f i r s t  s t r ip ,  and  th e  sym bols © and O to  
re a d in g s  on a r e p lic a te  s t r ip .)
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a n a ly s i s .  The la t te r  a lso  se rv ed  to  t e s t  th e  s ig n if ic a n c e  of the  
r e g re s s io n s  and  to  d e te c t  d e v ia tio n s  from l in e a r i ty .
The Procion  Blue re a d in g s  show  good lin e a r ity  th ro u g h o u t, 
ev en  w hen tra n sm itta n c e  w as reco rd ed : th e  h ig h e s t  c o n c e n tra tio n  of 
p ro te in  in  any  one peak  (5 p g /cm  w id th , for th e  y -g lo b u lin  band  of 
th e  1:1 sam ple) s t i l l  f a l ls  on th e  s tra ig h t lim b of th e  re s p o n se  c u rv e . 
M o reo v er, a l l  l in e s  in te rc e p t th e  o rd in a te  a t p o in ts  in s ig n if ic a n tly  
d if fe re n t from z e ro . T hu s, th e  s lo p e s  may se rv e  a s  d ire c t  e s tim a to rs  
of p ro te in  c o n c e n tra tio n  in  e a c h  of th e  b an d s  . T hese s lo p e s  carry  
e rro rs  of ± 9 .3 ,  ± 1 5 .3 , ± 8 . 3  and  7.6%  for th e  a lb u m in , a- ,  ß - 
and  y -g lo b u l in s  re s p e c t iv e ly ,  w hen tra n s m is s io n  is  re c o rd e d . 
(O vera ll a v e rag e  ± 1 0 .1 % .) The co rre sp o n d in g  erro rs  for o p tic a l 
d e n s ity  re a d in g s  a re  ± 8 .2 ,  ± 2 1 .9 , ± 1 3 .9 , ± 1 0 .7 , av erag in g  ±13.6% . 
The som ew hat in c re a s e d  v a ria n c e  of th e  th e o re t ic a l ly  su p erio r 
o p tic a l  d e n s i ty  s c o re s  s tem s la rg e ly  from th e  u n c e r ta in ty  of 
e v a lu a tin g  th e  a -g lo b u lin  p eak s  of th e  m ost d ilu te  sam p les  , w here 
ab o u t 0 .3  pg of p ro te in /c m  w id th  had  to  be  e s tim a te d .
C o o m a ss ie  Blue g iv e s  c o n s is te n t ly  lin e a r  p lo ts  w hen 
o p tic a l  d e n s i ty  is  re c o rd e d , and th e  e rro rs  of th e  s lo p e s  for a lb u m in , 
a - , ß -  and  y -g lo b u lin  com e to  ± 4 .9 ,  ±11.1, ± 8 .4  and  ±8.1% , 
re s p e c t iv e ly  (av erag e  ±8.1% ). R ead ings of tra n s m is s io n  on th e  sam e
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S trip s s ig n if ic a n tly  d e v ia te  from lin e a r ity  for th e  h ig h e r c o n ce n ­
tra t io n s  of a lbum in  and  ß -g lo b u l in , th e  tw o fra c tio n s  moving in  
v e ry  narrow  b an d s and  th u s  c h a ra c te r iz e d  by h ig h  co lou r in te n s ity  
on s ta in in g .  A lso , th e  b e s t  f it tin g  s tra ig h t l in e s  com puted  from 
th e s e  tw o s e ts  of d a ta  in te rc e p t th e  o rd in a te  a t p o in ts  s ig n if ic a n tly  
d if fe re n t from z e ro . If th e  c u rv e s  a re  c o n s tra in e d  to  p a s s  th rough 
th e  o r ig in , th e  e s tim a te d  s lo p e s  carry  e rro rs  of ± 11.0 , ± 1 3 .6 ,
± 5 .5 %  and  ± 8 .7 % , av erag in g  ± 9 .8 % .
Amido B lack d o es  n o t em erge a s  a s a t is fa c to ry  dye for 
th e  e v a lu a tio n  of p ro te in  c o n c e n tra tio n  on e le c tro p h o re tic  s tr ip s :  
a l l  p lo ts  a re  n o n - l in e a r ,  and th re e  of th e  four c u rv es  do no t p a ss  
th rough th e  o r ig in . If e rro rs  w ere co m p u ted , th e y  wculd av e rag e  over 
±25% , ev en  w ith o u t c o n s tra in in g  th e  c u rv e s  to  p a ss  th rough  th e  zero  
p o in t. F u rth erm o re , e v a lu a tio n  by o p tic a l  d e n s ity  m easu rem en ts  is  
n o t f e a s ib le  in  th is  c o n c e n tra tio n  ran g e : th e  tw o low er q u a n ti t ie s  of 
p ro te in  te s te d  (2 and  4 pg/cm ) g av e  no s ig n if ic a n t re a d in g s  for 
o'- and  y - g lo b u l in ,  and  a g re a tly  d is to r te d  o v e ra ll p a tte rn  w as 
o b se rv ed  even  a t  th e  h ig h er c o n c e n tra t io n s . T hese  e f fe c ts  are 
e v id e n t a ls o  in  th e  tra n sm itta n c e  r e a d in g s ,  th e  only  o n es  p lo tte d  
in  F ig u res  5 and  6 .
On a n a ly s is  of th e  com ponen ts  of e rro r , th e  overw helm ing
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c o n trib u tio n  of d iffe ren c es  b e tw een  s c a n s  on th e  sam e s tr ip  
s ta n d s  o u t. On the a v e ra g e , ab o u t 60% of th e  v a ria n c e  is  a c c o u n t­
ed  for by th is  s o u rc e . Errors a r is in g  from d e v ia tio n s  from l in e a r i ty ,  
from d if fe re n c e s  b e tw een  re p lic a te  t e s t s  and from th e  in te ra c t io n  of 
th e s e  fa c to rs  would add  up to  an  o v e ra ll e rror n o t ex ceed in g  ±4% 
for e ith e r  Procion or C o o m ass ie  B lue , sc a n n e d  e ith e r  for tra n sm itta n c e  
or o p tic a l d e n s i ty .  And none of th e  in d iv id u a l so u rc e s  w ould c a u s e  
m ore th a n  ±2% error on th e ir  ow n . C le a r ly ,  th e  m ost prom ising  
av en u e  to  fu tu re  im provem ent of th e  te c h n iq u e  le a d s  th rough  a 
m ethod th a t  w ould e n su re  uniform  a p p lic a tio n  of sam p les  over the  
w id th  of th e  c e l lu lo s e  a c e ta te  s t r ip s .
(F igure 6)
The m ain so u rce  of error i s  m in im ized  if  re la t iv e  c o n c e n ­
tra tio n s  on ly  h ave  to  be  e s t im a te d . An e v a lu a tio n  of th e  d a ta  in  
th is  form (Figure 6) show s th a t  th e  a v e ra g e  s ta n d a rd  d e v ia tio n  of 
th e  C o o m a ss ie  Blue r e s u lts  i s  ±1.3% for tra n s m is s io n  re a d in g s  
(range : 0.8%  for ß -g lo b u lin  -  1.6% for a lb u m in ), and ±1.9% for 
o p tic a l d e n s i ty  (range : 1.0% for ß -g lo b u lin  -  3.7%  for y - g lo b u l in ) . 
The p e rc e n ta g e  is  in  term s of th e  to ta l  q u a n tity  of p ro te in  a p p lie d .
The co rre sp o n d in g  d a ta  for P rocion  Blue a re  ±2.9%  (range : 2 .5  -  
3.4% ) for tra n sm itta n c e  and ± 2 .0  (range : 1.5 -  2 .3 % ). The Amido
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F igure 6 . R e la tiv e  e s tim a tio n  of serum  p ro te in s ,
(The av e rag e  p e rc en ta g e  of th e  p ro te in  f ra c tio n s  is  show n 
a s  h o riz o n ta l l in e s  su rrounded  by sh ad ed  a re a s  of 2 
s ta n d a rd  d e v ia t io n s 1 w id th . The sh o rt l in e s  c o n n ec te d  
v e r t ic a l ly  s tan d  for tw o re a d in g s  on th e  sam e s t r ip ,  and 
co rre sp o n d  to  th e  sym bo ls  ■  , □  and Q , O  of
F igure  5 ,  r e s p e c t iv e ly .)
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B lack  e s t im a te s  carry  p a rtly  o v e rla p p in g , la rg e  erro rs  and 
d if fe re n c e s  of le s s  th an  20% in  te rm s of o v e ra ll c o n c e n tra tio n  
c a n n o t be a s s e r te d  w ith  any d e g re e  of c o n f id e n c e .
(Figure 7)
DISCUSSION
The tw o new  te c h n iq u e s  for e s tim a tin g  th e  q u a n tity  of 
p ro te in  d ire c tly  on e le c tro p h e re tic  s tr ip s  w ere d ev e lo p ed  and te s te d  
on c e l lu lo s e  a c e ta te  a s  su p p o rt. O nce th e  b a s ic  in fo rm ation  w as 
a v a ilab le , h o w ev er, a num ber of p a ra lle l  t e s t s  w ere run a ls o  on 
f i l te r  p a p e r , ag a r and s ta rc h  g e l .  Both P rocion  and C o o m a ss ie  Blue 
proved a s  s a t is fa c to ry  under th e s e  c o n d itio n s  a s  in  th e  ex p erim en ts  
p re se n te d  a b o v e , and we may co n c lu d e  th e re fo re  th a t th e  tw o s ta in ­
ing  p ro ced u res  a re  e q u a lly  w e ll s u ite d  to  work on any of th e  more 
popu lar su p p o rts  u se d  for zone e le c tro p h o re s is  a t  p re s e n t .
C om pared w ith  o th er a v a ila b le  te c h n iq u e s ,  s ta in in g  w ith  
C o o m a ss ie  Blue s ta n d s  ou t by v ir tu e  of i t s  g re a t s e n s i t iv i ty .  W hen 
reco rd in g  tra n s m itta n c e , a s  l i t t l e  a s  0 .5  m icrogram s of p ro te in  per 
cm w id th  ( i . e .  , l e s s  th an  1% of th e  p ro te in  in  1 pi of serum ) can  be 
e s tim a te d  to  b e t te r  th an  ±10% a c c u ra c y . P rocion  Blue is  abou t th re e  
tim es  le s s  s e n s i t iv e ,  w h ile  A zo ca rm in e , Amido Black and Brom phenol
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F igu re  7 . Scan o f the  'g lo b u lin  f r a c t io n 1 o f ra b b it  se rum ,
(Two m ic ro lit re s  o f the  'g lo b u lin  f ra c t io n *  c o n ta in in g  0 .8%  p ro te in  
w ere a p p lie d  to  1 cm w id th  o f a c e l lu lo s e  a c e ta te  s t r ip ,  
e le c tro p h o re s e d  fo r 2 h r .  a t lO V /c m , s ta in e d  w ith  C oom ass ie  
B lue and scanned a t 550 mp w a v e le n g th  in  a S p inco  'A n a ly t ro l*  
in te g ra tin g  p h o to m e te r.)
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Blue a re  fiv e  to  te n  tim e s  le s s  s o .  T ran sm ittan ce  re a d in g s  
in  th is  ran g e  show  s a t is fa c to ry  lin e a r  re la tio n  to  c o n c e n tra tio n , 
an d  a re  h e n ce  to  be p re fe rred  w hen m inority  com ponen ts  of 
m ix tu res  or d ilu te  s o lu tio n s  of p ro te in s  a re  to  be  e v a lu a te d . 
D e te rm in a tio n  of o p tic a l  d e n s ity  w as found ,by  and  l a r g e ,  four 
tim e s  le s s  s e n s i t iv e  th a n  tra n s m is s io n  m easu rem en ts ; i t s  v a lu e  
l i e s  in  th e  ex ten d ed  ran g e  of c o n c e n tra tio n s  over w hich  th e  a rea  
u n d er th e  p eak s  is  d ire c tly  p ro p o rtio n a l to  th e  q u a n tity  of p ro te in s  
s ta in e d  by e ith e r  of th e  tw o te c h n iq u e s  d ev e lo p e d  a b o v e . W hereas 
C o o m a ss ie  Blue w ould b e  th e  dye of c h o ic e  w hen th e  dem and w as 
fo r s e n s i t iv i ty ,  th e  P rocion  Blue te c h n iq u e  is  su p e rio r by th e  c r i te r ­
io n  of re p ro d u c ib ility  and  a c c u ra c y . The d y e -p ro te in  bond of th e  
la t te r  b e in g  c o v a le n t ,  th e re  i s  l i t t l e  r is k  of d a y - to -d a y  v a ria tio n  
b e tw een  t e s t s  of v a r ia tio n  due to  o p e ra to rs .  N e ith er o v e rs ta in in g  
nor o v e rd iffe re n tia tin g  a l te r s  th e  am ount of Procion  Blue b o u n d , in  
m ask ed  c o n tra s t  w ith  m ost o th e r p ro ced u res  w here th e  d e l ic a te  
b a la n c e  b e tw een  b le ac h in g  th e  back g ro u n d  and lo s in g  som e of th e  
p ro te in~ bound  dye can  b e  m a in ta in ed  on ly  by th e  m ost rigo rous 
s ta n d a rd iz a tio n  of t e c h n iq u e s . A nother fe a tu re  of P rocion  Blue -  
and  of tr ia rz in y l d y es  in  g e n e ra l -  i s  th e ir  uniform  b eh av io u r to w ard s  
p e p tid e s  and  p ro te in s  of w id e ly  d iffe rin g  p h y s ic a l and ch em ica l
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c h a r a c te r i s t i c s .  This property  is  w e ll docum ented  by th e  e v id en ce  
of T able 1: th e  fac to r re la tin g  in te n s i ty  of s ta in in g  to  dry w eigh t 
v a r ie s  le s s  th an  h a lf  a s  much a s  i t  d o es  w ith  C o o m a ss ie  B lue , and 
le s s  th a n  a te n th  of w hat can  be  e x p e c te d  of Amido B lack (c f.
F ig u res  5 and  6 ), p rov ided  i t s  e r ra tic  perform ance on p lasm a  
p ro te in s  may be tak en  a s  an  in d ic a tio n  of g e n e ra l b e h av io u r .
The m ain shortcom ing  of th e  te c h n iq u e s  is  th e  u n so lv ed  
problem  of ev en ly  app ly ing  m ic ro litre  vo lum es of flu id  to  poorly  
a b so rb e n t s u r f a c e s .  The o v e ra ll e rro r of m easu rem en t i s  more
V
th an  d o u b led  by th is  fac to r: i t s  e lim in a tio n  w ould a llo w  an  a c c u ra c y  
of ra th e r  b e t te r  th an  ±5% in e s tim a tin g  p ro te in  in  b ands of 1 to  20 pg 
dry w eig h t c o n te n t . The m agn itude  of th e  erro r a r is in g  from uneven  
a p p lic a tio n  of th e  sam p les  c an  be b e s t  s e e n  from th e  d iffe ren c e  in  
a c c u ra c y  w hen th e  sam e d a ta  a re  e v a lu a te d  in  a b so lu te  and  re la t iv e  
te rm s . W hile  th e  s tan d a rd  d e v ia tio n  of a s in g le  read in g  in  F igure  5 
is  ab o u t ±10%, th e  re la t iv e  p ro te in  c o n te n t of th e  four serum  
fra c tio n s  can  be de term ined  w ith  a s ta n d a rd  d e v ia tio n  of ab o u t 2.5%  
(Figure 6) , u s in g  th e  sam e ex p e rim en ta l o b s e rv a tio n s . As a co n ­
s e q u e n c e , th e  b e s t  p ra c tic a l  ap p ro ach  a v a ila b le  a t  p re se n t i s  m u ltip le  
scan n in g  of th e  sam e s t r ip s ,  co v erin g  p re fe rab ly  th e ir  e n tire  w id th . 
U n til a s a t is fa c to ry  m ethod of ap p ly in g  th e  t e s t  sam p les  is  fo u n d .
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th is  is  th e  on ly  way of sa lv a g in g  a l l  th e  q u a n tita tiv e  in fo rm ation  
th e s e  te c h n iq u e s  can  y ie ld .
Both p ro ced u res  a re  s im p le  in  th e ir  f in a l form , and s u ita b le
for ro u tin e  and la r g e - s c a le  w ork . The a re a s  in  w hich  th e  tw o d yes
c an  be em ployed to  b e s t  ad v an ta g e  p a rtly  o v e r la p . We h av e  u sed
C o o m ass ie  Blue and c e l lu lo s e  a c e ta te  a s  su p p o rt w here th e  g re a te s t
s e n s i t iv i ty  w as re q u ired  and w here q u a n tita tiv e  c o n s id e ra tio n s  a re
8 9on ly  se c o n d a ry . Thus in  e le c tro s y n e re s is  and  e le c tro d ie re s is  of
immune c o m p le x e s , and in  te s t in g  the  p u rity  of an tib o d y  f r a c t io n s .
For s im ila r r e a s o n s ,  L a v e r ^ '^  h a s  fo llow ed  by th is  m ethod
th e  se p a ra tio n  of in f lu e n z a  v iru s  in to  i t s  s u b u n its ,  and E llio tt and
G re e n , u s in g  s ta rc h  e le c tro p h o r e s is ,  th e  p u rif ic a tio n  of enzym es
in v o lv ed  in  p ro te in  s y n th e s is .  For q u a n tita tiv e  a s s a y  of serum
p ro te in s  Procion  Blue is  p re fe ra b le , p a rtly  b e c a u s e  i t  show s more
uniform  a ff in ity  to w ard s  th e  v a rio u s  f ra c tio n s  th an  do o th er s ta in in g
p ro c e d u re s , and p a rtly  b e c a u s e  i t  is  free  from d a y - to -d a y  v a r ia tio n .
A lso , in  th is  c a s e  s e n s i t iv i ty  is  no m ajor co n ce rn  s in c e  a m ic ro litre
of serum  sp re ad  over one c en tim e tre  w id th  h ap p en s  to  fa l l  in  the
optimum ran g e  of th is  te c h n iq u e , w ith  no s ig n if ic a n t  d e v ia tio n s  from
B e e r 's  law  by any of th e  f r a c t io n s .  P rocion  Blue h a s  b een  u sed  for
12co m p ariso n s  of serum  and  m ilk p ro te in s  by L a s c e lle s  and
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G arlick  (to be  p u b l i s h e d ) , and by us  in im m unochem ical
. 13 , 14 , 15 ex p er im en ts
SUMMARY
Two new  p ro ced u res  a re  d e sc r ib e d  for th e  e s tim a tio n  
of p ro te in  by d ire c t photom etry  on e le c tro p h o re tic  s t r i p s . The 
p ro te in  co m p lex es  of Procion Blue and C o o m a ss ie  Blue a re  show n 
to  fo llow  B eer*s law  up to  5 0 and 20 p g /c m , r e s p e c t iv e ly .  The 
low er lim its  of d e te c tio n  a re  2 and  0 .5  p g /c m . W ith in  th e s e  
ra n g e s  th e  a b so lu te  am ount of p ro te in  c an  be e s tim a te d  w ith  an 
a c c u ra c y  of ab o u t ±10%. The m ajor co n trib u tio n  to  th e  erro r a r is e s  
from uneven  a p p lic a tio n  of th e  s a m p le s . R e la tiv e  c o n c e n tra tio n s  
w ith in  a m ixture of p ro te in s  can  be e v a lu a te d  to  an  a c c u ra c y  
b e tte r  th an  ±3%.
T ech n ica l d e t a i l s  of th e  p ro ced u res  and  of th e  equ ipm ent 
req u ired  a re  g iv en  in  f u l l ,  and th e ir  a re a s  of u s e fu ln e s s  d i s c u s s e d .
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Paper V
NEUTRALIZATION OF ANIMAL VIRUSES. IV. PARAMETERS
OF THE INFLUENZA VIRUS-ANTIBODY SYSTEM
SUMMARY
The equ ilib rium  b e tw een  th re e  s tra in s  of in flu en z a  v iru s  
an d  th e ir  hom ologeous a n tib o d ie s  i s  d e te rm in ed  by tw o in d e p en d e n t 
m e th o d s , w ith  an acc u ra cy  of b e t te r  th a n  ± 10%.
C o u n ts  of v iru s p a r t i c l e s , of h aem ag g lu tin a tin g  and in fe c t­
iv e  u n its  a re  p re sen te d  for the  sam e p re p a ra t io n s , and  tw o te c h n iq u e s  
a re  d ev e lo p ed  for e s tim a tin g  the  num ber of an tib o d y  m o lecu le s  w ith in  
s e ra  (accu racy  ab o u t ± 30%).
From th e s e  d a ta  th e  num ber of a n tig e n ic  s i te s  per v iru s  
p a r tic le  is  c a lc u la te d ,  and show n to  b e  of th e  o rder of 2000 for e ach  
of th e  v iru s e s  te s t e d .  The eq u ilib riu m  c o n s ta n ts  of th e  a n tig e n -a n ti­
body re a c tio n  fe ll  w ith in  th e  ran g e  of 9 x  1 0 ^  and  5 x 10^ (in cg s  
u n i t s ) , and w ere s ig n if ic a n tly  d iffe re n t for e a c h  p a ir  of r e a c ta n ts .  
T h ese  e s tim a te s  ca rry  e rro rs  b e tw ee n  ± 25 and  ±50%.
The param ete rs  of v iru s -a n tib o d y  in te ra c t io n  a re  a ls o  
e s tim a te d  by two s p e c ia l  in  v ivo  te c h n iq u e s .  The num ber of a n t i ­
g e n ic  s i te s  per v iru s  p a r tic le  is  th e  sam e a s  o b ta in e d  by in  v itro  
m e a su re m e n ts , bu t th e  eq u ilib rium  c o n s ta n ts  a re  c o n s is te n t ly  lo w er. 
This both  in d ic a te s  som e h e te ro g e n e ity  w ith in  th e  an tib o d y  p o p u la ­
tio n  and p o in ts  to  th e  p re fe re n tia l in v o lv em en t of th e  more firm ly 
b ind ing  an tib o d y  m o lecu les  in  th e  p ro c e ss  of n e u tra l iz a t io n .
INTRODUCTION
The accu m u la ted  e v id e n c e ,  bo th  from e a r l ie r  work on 
m ice or d eve lop ing  eggs and from the  com pan ion  paper on su rv iv ­
ing b i t s  of the  a l l a n to i s ,  is  c o n s i s te n t  w ith  a dynam ic  equilib rium  
b e tw een  v iru s  and an t ib o d y .  U nions of a n t ig e n ic  s i t e s  and a n t i ­
body a re  formed and broken  a l l  the  t i m e , and  the  av e rag e  v irus  
p a r t ic le  h a s  a d e f in a b le  c h an c e  of being  free  and thus  in fe c t iv e ,  
or com bined  w ith  an tibody  and thus  n e u t r a l iz e d .  The sy s tem  is  
not a s im ple  one and  the  co n v en t io n a l  t e s t s  , how ever c a re fu l ly  
d o n e ,  w ill  g ive  an an sw e r  only  in the  c ru d e s t  o p e ra t io n a l  te rm s .
It i s  p o s s ib le  to  d e te rm in e ,  w ith  any req u ired  d eg ree  of a c c u ra c y ,  
w hat d i lu t io n  of a p a r t ic u la r  an tise rum  w ill  n e u tra l iz e  a g iven  d o se  
of v iru s  under g iv en  c o n d i t io n s .  It i s  im p o ss ib le  to de rive  from 
the  sam e t e s t  an an sw e r  to  e q u a lly  in te re s t in g  and more funda­
m en ta l  q u e s t i o n s , su ch  a s  how many an tibody  m o le c u le s  a re  n eed ed  
to n e u t ra l iz e  the  a v e rag e  in fe c t iv e  un it; how  many of th e s e  a re  
a c tu a l ly  com bined  w ith  th e  v irus  p a r t ic le  a t  any  tim e; a n d ,  
c o n s e q u e n t ly ,  w hat would be th e  n eu tra l iz in g  power of the  sam e 
serum  a g a in s t  an o th er  dose  of v i r u s ,  or th e  sam e d o se  t e s t e d  in 
an o th e r  h o s t  s y s te m .
S ince  the  m ass  a c t io n  model of n e u t r a l iz a t io n ,  form ulated
2in  the  f i r s t  paper of th is  s e r ie s  (1), h a s  not b e en  c o n tra d ic ted  
by exp er im en ta l  f in d in g s ,  i t  is  tem pting  to put i t s  e q u a t io n s  to 
a more p o s i t iv e  u se  by s ta t in g  them  in  a form th a t  a l lo w s  the  
i s o la t io n  of some of th e  p a ra m e te rs .  The co rre sp o n d in g  e x p e r i­
ment shou ld  then  e n ab le  us to  m easu re  t h e s e ,  and  to  e s t im a te  
p a r t ic u la r  c o n s ta n ts  and v a r ia b le s  in  a b so lu te  t e r m s .
The d e s ig n  and perform ance  of su ch  t e s t s  i s  th e  aim of 
th is  s tu d y .  Theory and  p ra c t ic e  a re  in s e p a ra b le  in  th is  a p p ro a ch ,  
and w ill  a p p ea r  s id e  by s id e  in  the  fo llow ing  s e c t i o n s .  All 
m a te r ia ls  and b a s ic  m ethods a re  th e  sam e a s  d e sc r ib e d  e a r l ie r  (2); 
d e ta i l s  of s p e c ia l  te c h n iq u e s  w ill  be g iven  where r e q u i r e d .
3PARAMETERS OF THE ANTIGEN-ANTIBODY UNION
The b a s ic  equilibrium  b e tw ee n  an tib o d y  m o lecu les  and 
a n t ig e n ic  s i t e s  on the  v irus p a r t ic le  i s
y
w here  K s ta n d s  for the  equ ilib rium  c o n s t a n t ,  y  for th e  c o n c e n ­
tra t io n  of an tig e n  -a n t ib o d y  c o m p le x e s , _s for th e  number of 
a n t ig e n ic  s i t e s  per v irus p a r t i c le ,  V(1 + n) for th e  to ta l  
c o n c e n tra t io n  of v irus  p a r t ic le s  of w hich  V are  in fe c t iv e  and 
nV n o n - in f e c t i v e , and A for the  c o n c e n tra t io n  of an tibody  
m o le c u le s .
If y  is  e x p re s s e d  a s  a f rac t io n  of a l l  an tib o d y  m o le ­
c u le s  ( i . e . , y  = aA) , E q . 1 may be  w rit ten
K = CsV.ÜtH) ~ oA I [a - qa3 = [sV(i+n) -  qAI I - ~ a  ' 
oA j  a
C o n s id e r  now a seco n d  equ ilib rium  e s ta b l i s h e d  b e tw een  
b - t im e s  a s  much v iru s  a s  above  bu t th e  sam e am ount of a n t ib o d y ,  
in  a sy s te m  c h a ra c te r iz e d  by the  sam e c o n s t a n t s .  Here the  
c o n c e n tra t io n  of a n t ig e n -a n t ib o d y  co m p lex es  w ill  be ßA, and
th e  equ ilib rium  the re fo re  is  d e f in ed  a s
4K = feiV Ü + n L r .ß .jLJ[A_ßü  = [bsv(l+n) -  ßiO -----
ßA L ß
By com bining eq u a tio n s  2 and  3 e i th e r  through K, the  equilib rium
c o n s ta n t ,  or through _s, the  number of a n t ig e n ic  s i t e s  per
p a r t i c l e ,  we ob ta in  a s in g le  equ a tio n  from w hich  e i th e r  K or s
may be  e s t im a ted :
s = — —  {a. -  ß) f b —— ff.1
V(1 + n) L ß a  J
K =  A ( b a - p )  -  b ^
The problem can  be  so lv ed  a l s o  more e le g a n t ly ,  by 
s im u lta n e o u s ly  e s t im atin g  the  two c o n s ta n ts  (3). A cco rd in g ly , 
Eq. 2 i s  e i th e r  d iv ided  through by A, g iv ing
(1 -  a ) sV(l + n) . (1 -  a) _  K
A a  A
or by (1 -  n) K, g iv ing
1  -  a
sV(l + n ) . _1
K OL
A
K
W hen p lo tt ing  the  ap p ro p ria te  v a r i a b l e s , bo th  E q s . 5 and  6 
de fine  a s t ra ig h t  line  and th e  v a lu e  of _s can  be  worked out from 
th e  s l o p e s ,  w hile  the  in te rc e p ts  a re  e s t im a to r s  of K.
5Of the  c o n s ta n ts  ap p ea rin g  in E q s .  5 and  6 , the  v iru s  
in p u t  V can  be  de term ined  d i re c t ly  in an in fe c t iv i ty  t e s t ,  and 
th e  v a lu e s  of a  from sim ple  equ ilib rium  m e a su re m e n ts .  There are 
a l s o  co n v en tio n a l  m eans of e s t im a tin g  n by e lec tro n m ic ro sc o p ic  
c o u n t s ,  and A by s e v e ra l  im m unochem ical m e th o d s .  Even js can  
b e  s e t  an upper lim it by s te r ic  c o n s id e ra t io n s ,  and  i t  shou ld  be 
p o s s ib le  to  e s t im a te  i t  d ire c t ly  from the  know ledge  of th e  o the r  
p a ra m e te r s .  This we p roceed  to  do now .
EQUILIBRIUM MEASUREMENTS 
U ltrac en tr i fu g a l  S ep a ra t io n
W hen serum  and v iru s  are  b rought to g e th e r ,  part of the  
two re a c ta n ts  w ill rem ain  f r e e ,  part w ill  be co m b in ed . If su f f ic ie n t  
tim e i s  g iv en  an equ ilib rium  w ill  be r e a c h e d  in  w hich  the  number of 
a n t ig e n -a n t ib o d y  l in k s  formed and broken in  u n i t  tim e i s  th e  s am e .  
If su ch  an equ ilib rium  m ixture i s  ex p o se d  to  g ra v i ta t io n a l  fo rce  
su f f ic ie n t  to s ed im en t a l l  v iru s  p a r t ic le s  -  and  a fortiori a l l  v i r u s -  
an tib o d y  com plexes  -  bu t no t free  an t ib o d y ,  th e  s u p e rn a ta n t  w ill 
g iv e  a d ire c t  m easu re  of (A -  y) . If A i s  no t m easu red  in  a b so lu te  
t e r m s , the  ra t io  of r e s id u a l  and inpu t an tib o d y  t i t r e s  w ill  s t i l l
6eq u al (1 -  a) , a s  d e fin ed  a b o v e . By k eep in g  th e  in p u t c o n ce n ­
tra tio n  of an tib o d y  c o n s ta n t and vary ing  th e  d o se  of v iru s  over 
su ch  equ ilib rium  te s t s  , the  r e s u l ts  w ill d e fin e  a s e r ie s  of 
(1 -  a) v a lu e s .
E xperim ents of th is  k ind  w ere perform ed on th e  sam e 
th ree  re p re s e n ta tiv e  s tra in s  of in f lu e n z a  v iru s ,  MEL, LEE and 
SW , w hich  w ere u s e d  in  th e  com panion  p a p e r . F ir s t ,  th e  
v a lid ity  of th e  te c h n iq u e  w as te s te d  in  som e p re lim in ary  e x p e ri­
m e n ts . A n tisera  w ere d ilu te d  1 :1 0 0 , m ixed w ith  v a rio u s  d o se s  of 
hom ologous v iru s  and  in c u b a te d  for 30 m inutes to  a llo w  e q u ilib ra ­
t io n .  C on tro l tu b e s  re c e iv e d  v iru s  or an tib o d y  o n ly , th e  m issin g  
re a g e n t be ing  re p la c e d  by s a l in e .  All m ix tu res  w ere th en  spun in  
a Sp inco  p re p a ra tiv e  u ltra c e n tr ifu g e  (ang le  h ead  N o. 40) for 45 
m inu tes a t  an  a v e ra g e  g of 74/100. A fter th e  run the  top  th ird  and 
the  c e n tra l th ird  of th e  s u p e rn a ta n ts  w ere c a re fu lly  p ip e tte d  off 
and a l l  sam p les  co n ta in in g  an tib o d y  t i t r a te d  for an tih a em a g g lu tin in  
by s tan d a rd  m e th o d s . The t i t r e  of v iru s  c o n tro ls  w as de term in ed  
a s  h a e m a g g lu tin in . W hile  1% or l e s s  of v iru s  rem ained  in  the  
su p e rn a ta n t under co n d itio n s  of th e  e x p e r im e n t, no lo s s  of a n ti­
body w as d e te c te d  in  th e  c o n tro l. This p a rtitio n  w as com ple te  
in so fa r  a s  th e re  w as no d iffe ren c e  b e tw een  th e  to p  and c e n tra l
7th ird s  of the  flu id  co lu m n s . The r e s t  of the  tu b e s  show ed  t h a t ,  
depend ing  on th e  d o se  of v i r u s ,  more or l e s s  an tibody  rem ained  
in  the  s u p e r n a ta n t .  This in form ation  se rv ed  to  s e t  th e  ran g e  of 
c o n c e n tra t io n s  for the  main e x p e r im e n t s .
All t e s t s  were perform ed w ith purif ied  v irus  and b le e d s  
of hyperim m une se ra  a s  u se d  in  th e  p rev ious  paper (2). For 
equ ilib rium  m easu rem en ts  0 .6 0  ml of a serum d i lu t io n  and 0 .6 0  
ml of a v iru s  d ilu t io n  were b rough t to g e th e r ,  in c u b a te d  for 30 m in­
u te s  a t  0°C and then  d is p e n s e d  in to  two sm all  lu s te ro id  t u b e s .
Six of th e s e  tu b e s  were p la ce d  in a p e rsp e x  ad ap to r  f it t ing  one 
of the  3 8 .5  ml cups  of the  Spinco  p rep a ra t iv e  h ead  No. 30 . Thus 
7 2 sam p le s  of 0 .6 0  ml cou ld  be  spun s im u l ta n e o u s ly .  The 
g ra v i ta t io n a l  fo rce  em ployed w as  6 6 ,0 0 0  g for 60 m in u te s ,  a t  
2 ° C .  At th e  end  of the  run 0 .5  0 ml of the  s u p e rn a ta n t  was 
rem oved and t i t r a te d  for a n t ih a e m a g g lu t in in . The r e s u l t s  of a 
r e p re s e n ta t iv e  experim en t on e a c h  of the  th ree  s t r a in s  a re  g iv en  
in  Table I .
(Table I)
These  exper im en ts  w ere  so  d e s ig n e d  th a t  th e  f rac t io n  of 
free  a n t ib o d y ,  i . e  , the  term ( 1 - a ) ,  shou ld  not e x ce e d  0 . 2 0 ,  and 
th u s  fa l l  w ith in  the  m ost in fo rm ative  range  of equ ilib rium
TABLE I
Equi librium m easu rem en ts  on th ree  v i r u s - a n t ib o d y  s y s te m s
I ,  U l t racen t r i fuga l  s ep a ra t io n
(Virus and  an t ibody  were  brought to g e th e r  and k e p t  a t  0°C for 30 min 
before  sp inn ing  a t  74/300 g for 60 min .  The a n t ibody  c o n te n t  of the  
s u p e r n a ta n t s  w as  de te rm ined  as  a n t ih a em a g g lu t in in  a g a i n s t  4 
a g g lu t in a t in g  d o s e s  of the  homologous v i rus  (4).
The s to ck  a n t i s e r a  were  u s e d  a t  f ina l  d i lu t ions  of 1 : 80 for a n t i -  
MEL, 1 : 100 for anti-LEE and 1 : 200 for a n t i - S W  serum .  Purified 
v i rus  p repa ra t ions  were  s tan d a rd iz e d  a g a i n s t  our s to ck  v i r u s e s  in 
te rms of h aem agg lu t in in  c o n te n t ,  the  r e s p e c t i v e  d o s e s  of d = 1.00
co r re spond ing  to a d i lu t ion  of 1 : 22.  
and  1 : 1.88 for SW.)
23 for MEL, 1 : 0 .5 3  for LEE
Dose  of v i r u s /m l log a n t ib o d y /m l Frac t ion  of an t ibody  free
(d) of su p e r n a ta n t (1 -  a)
MEL v irus  -  antiMEL serum
0 .7 0 1 .37 0 .1 7 4
0 .7 0 1 .37 0 .1 7 4
0 .8 0 1 .2 2 0 .1 2 3
0 .8 0 1 .3 0 0 .1 4 8
0 .9 0 1 .0 7 0 .0 8 8
0 .9 0 1 .07 0 .0 8 8
1 .0 0 1 .0 2 0 .0 7 8
1 .0 0 1 .0 2 0 .0 7 8
1 .1 0 0 .9 3 0 .0 6 3
1 .1 0 0 .9 3 0 .0 6 3
1 .2 0 0 .7 2 0 .0 3 9
D o s e  of v i r u s / m l  log a n t i b o dy / ml  Frac t ion  of an t ibody  free
(d) of s upe r na t a n t  (1 -  n)
MEL vi rus  -  ant iMEL serum (Contd. )
1 . 20 0.77 0 . 044
1 . 30 0 . 70 0 .037
1 . 30 0 . 7 0 0 .037
0 . 0 0 2 . 1 0
(controls) 2 . 13
1 . 000
or iginal  serum 2 . 1 3
2 . 13
LEE vi rus  -  antiLEE serum
0. 40 1 . 40 0 . 1 2 0
0 . 4 0 1 .37 0 . 112
0 . 50 1 .35 0 .107
0 . 50 1 .40 0 . 1 2 0
0 . 60 1 . 20 0 . 076
0 . 60 1 . 20 0 . 076
0 . 70 1 . 1 0 0 . 060
0 . 70 1 . 1 0 0 . 0 6 0
0 . 8 0 1 . 0 0 0 . 048
0 . 80 1 . 0 0 0 .048
0 . 90 0.75 0 .027
0 . 9 0 0 .75 0 . 027
1 . 00 0 . 6 0 0 . 019
1 . 00 0 . 6 0 0 . 019
1 . 10 0 . 5 0 0 .015
1 . 10 0 . 5 0 0 .015
1 . 20 0 . 5 0 0.015
1 . 20 0 . 50 0 .015
D o se  of v i r u s / m l  log an t ib o d y /m l  Frac t ion  of an t ibody  free
(d) of su p e rn a ta n t  (1 -  n)
LEE virus
0 .0 0
(controls)
-  antiLEE serum
2 .3 3
2 .3 3
(Contd . )
1 . 000
or ig ina l  serum 2 .3 3
2 .3 0
SW virus -  an t iSW  serum
0 .3 0 1 .35 0 .178
0 .3 0 1 .35 0 .178
0 .35 1 .2 3 0 .135
0 .35 1 .2 3 0 .135
0 .4 0 1 .15 0 .1 1 2
0 .4 0 1 .15 0 .1 1 2
0 .45 0 .9 3 0 .0 6 8
0 .45 1 .0 0 0 .079
0 .5 0 0 .9 0 0 .0 6 3
0 .5 0 0 .9 0 0 .063
0 .55 0 .7 2 0 .0 4 2
0 .55 0 .7 2 0 .0 4 2
0 .6 0 0 .6 0 0 .0 3 2
0 .6 0 0 .6 0 0 .0 3 2
0 .65 0 .57 0 .0 3 0
0 .65 0 .5 0 0 .025
0 .0 0 2 .1 0
(controls) 2 .1 0
l nnn
orig inal  serum 2 . 1 0
2 . 1 0
8m e asu rem en ts  (3). This is  the  r e a so n  for the  very  l im ited  span  
of v irus  c o n c e n tra t io n s  co rrespond ing  to  any  g iv en  c o n cen tra t io n  
of a n t is e ru m . S ince  the  d a ta  fu lf i l  th is  req u irem en t,  th ey  may be 
u s e d  d i re c t ly  for th e  e s t im a tio n  of equilibrium  p a ra m e te rs .
E quation  5 se rv ed  a s  l in e a r  t ran s fo rm , and the  cu rv es  were f i t ted  
by the  m ethod of l e a s t  s q u a r e s . The ap p rop ria te  p lo ts  a re  shown 
in  F ig . 1.
(Figure 1)
An a n a ly s i s  of c o v a r ian c e  confirm ed the  im p re s s io n  g a in ­
ed from the  g rap h s : th e re  are  no s ig n if ic a n t  d e v ia t io n s  from 
l in e a r i ty ,  and th u s  Eq. 5 is  a v a l id  r e p re s e n ta t iv e  model of the  
d a t a .
Equilibrium  F il tra t io n
C om ponen ts  of an  equ ilib rium  sy s tem  c o n s is t in g  of v irus  
and  an tibody  can  b e  s e p a ra te d  a l s o  by p a s s in g  th e  equ ilib rium  
m ixture through f i l te r s  of co n tro lled  pore s iz e  w hich  re ta in  v irus 
bu t no t a n t ib o d y .  The f i l t r a te  th en  r e p re s e n ts  free  an tibody  and 
thus  d e f in e s  the  term  (1 -  a ) . The d e s ig n  of the  n e c e s s a r y  e q u ip ­
m ent h a s  b e en  fu lly  d e s c r ib e d  in a s e p a ra te  p u b l ic a t io n  (4) , w hich  
a l s o  c o n ta in s  th e  ex p e r im en ta l  e v id en c e  to  e s t a b l i s h  th e  v a l id i ty  
of the  te c h n iq u e  and  to  a s s e s s  i t s  a c c u ra c y  and  s e n s i t iv i ty .
b -  1.37 b -  3.09b -  2.21
o -  -0.033
FIGURE 1 . E stim a tio n  of eq u ilib riu m  p a ram ete rs  for th re e  v iru s -  
an tib o d y  s y s te m s . 1 . U ltra c e n tr ifu g a l s e p a ra t io n . (The d a ta  of
T able 1 a re  p lo tte d  acco rd in g  to  Eq. 5 ; d ( l - a ) / a  on th e  a b s c is s a  
and  ( l - a )  on th e  o rd in a te . The s tra ig h t l in e s  w ere f i t te d  by th e  
m ethod of l e a s t  sq u a re s ; e s tim a te d  v a lu e s  of th e  s lo p e s  (b) and 
in te rc e p ts  (a) a re  show n on th e  g ra p h s .)
9A s e r i e s  of equ ilib rium  f i l i a t i o n s  w as performed w ith  
th e  sam e v iru s -a n t ib o d y  m ix tures  a s  u s e d  in  th e  p rev ious s ec t io n ;  
th e  r e s u l t s  of one su ch  s e t  a re  g iv en  in  Table II .
(Table II)
The d a ta  of Table II a re  ve ry  s im ila r  to  th o s e  of Table I ,  
in d ic a t in g  the  e q u iv a le n c e  of th e  two m e th o d s .  This i s  even  more 
s tr ik ing  when the  r e s u l t s  a re  e v a lu a te d  acco rd in g  to Eq. 5 (Fig. 2).
(Figure 2)
S ta t i s t i c a l  a n a ly s i s  show s th a t  none of the  co rrespond ing  
param ete rs  in  F ig .  1 and F ig . 2 a re  s ig n if ic a n t ly  d if fe ren t .  The 
com bined  e s t im a te s  o b ta in ed  by th e  two equ ilib rium  te c h n iq u e s  are  
c o l le c te d  in  Table 3 ,  e x p re s s e d  now  in  term s of our s to ck  v irus  and 
serum  p rep a ra t io n s  . E va lua tion  of th e  equ ilib rium  c o n s ta n ts  and of 
th e  number of a n t ig e n ic  s i t e s  w ill  be  b a s e d  on t h e s e ,  once  the  
v a r ia b le s  have  b e en  defined  in  a b so lu te  term s .
(Table III)
TABLE II
Equi librium m easu rem en ts  on th ree  v i r u s - a n t ib o d y  s y s te m s  
II ,  Equi librium f i l t ra t ion
(Virus and  an t ibody  were  brought to ge the r  and kep t  a t  0°C for 3 0 min 
befo re  p a s s in g  through a g e l a t i n e - t r e a t e d  M il l ipo re  VM f i l t e r  a t  1 a tm .  
p r e s s u r e .  The an t ibody  con ten t  of the  f i l t r a t e s  w as  de te rm ined  a s  
an t ih a em a g g lu t in in  a g a in s t  4 agg lu t ina t ing  d o s e s  of the  homologous  
v i ru s  (4).
The s tock  a n t i s e r a  were  u s e d  a t  f ina l  d i lu t io n s  of 1 : 80 for antiMEL,
1 : 100 for antiLEE and 1 : 200 for an t iSW  se ru m .  Purified v i rus  
p repa ra t ions  were  s t an d a rd iz e d  a g a i n s t  our s to ck  v i r u s e s  in te rms of 
haem agg lu t in in  c o n te n t ,  the  r e s p e c t i v e  d o s e s  of d = 1 .00 c o r r e s p o n d ­
ing to  a d i lu t ion  of 1 : 22 .23  for MEL, 1 : 0 .5 3  for LEE and 1 : 1 .88  
for SW.)
D o se  of v i r u s / m l  log Antibody/ml of F rac t ion  of an t ibody  free  
(d) su p e rn a ta n t  (1 -  a )
MEL virus  -  antiMEL serum
0 .6 0 1 .47 0 .174
0 .6 0 1 .47 0 .174
0 .8 0 1 .37 0 .138
0 .8 0 1 .37 0 .138
1 .0 0 1 .29 0 .114
1 .0 0 1 . 29 0 .114
D ose  of v i r u s / m l  log Ant ibody/ml  of Frac t ion  of an t ibody  free 
(d) su p e r n a ta n t  (1 -  a )
MEL v irus  -  antiMEL serum (Contd . )
1 .0 0 1 .1 0 0 .074
1 .0 0 1 .1 0 0 .074
1 .1 0 1.01 0 .0 6 0
1 .1 0 1 .01 0 .0 6 0
1 .2 0 1 .05 0 .066
1 .2 0 1 .05 0 .066
1 .2 0 0 .9 4 0.051
1 .2 0 1.01 0 .0 6 0
1 .4 0 0 .7 7 0 .035
1 .4 0 0 .77 0 .035
1 .6 0 0 .5 7 0 .022
1 .6 0 0 .5 7 0 .022
0 .0 0
(controls )
2 .25
2 .2 2
1 000
orig inal  serum 2 .2 22 .2 2
LEE v i ru s  -  antiLEE serum
0 .3 0 1 .55 0 .141
0 .3 0 1 .55 0.141
0 .4 0 1 .47 0 .118
0 .4 0 1 .47 0 .118
0 .4 0 1 .2 0 0 .063
0 .5 0 1 .35 0 .089
0 .5 0 1 .35 0 .089
0 .5 0 1 .07 0 .047
0 .5 0 1 .15 0 .0 5 6
0 .6 0 1 .3 0 0 .079
0 .6 0 1 .3 0 0 .079
0 .6 0 1 .15 0 .056
0 .6 0 1 .15 0 .056
0 .7 0 1 .2 0 0 .063
D o se  of v i r u s / m l  log Ant ibody/ml  of Frac t ion  of an t ibody  free 
(d) s u p e r n a ta n t  (1 -  a )
LEE virus  -  antiLEE serum (Contd .)
0 .7 0 1 .2 0 0 .0 6 3
0 .7 0 0 .9 5 0 .036
0 .7 0 1 .0 2 0 .042
0 .8 0 1 .0 5 0 .045
0 .8 0 1 .0 0 0 .0 4 0
0 .8 0 0 .9 0 0 .032
0 .8 0 0 .9 0 0 .032
0 .9 0 0 .7 5 0 .022
0 .9 0 0 .75 0 .022
0 .9 0 0 .7 0 0 .020
0 .9 0 0 .7 0 0 .0 2 0
1 .0 0 0 .6 5 0 .018
1 .0 0 0 .65 0 .018
1 .0 0 0 .6 0 0 .016
1 .0 0 0 .6 0 0 .016
1 .1 0 0 .6 2 0 .016
1 .1 0 0 .6 2 0 .016
0 .0 0
(contro ls )
2 .4 0
2 .4 0
l n o n
o r ig in a l  serum 2 .4 0
2 .4 0
SW v i rus  -  an t iSW  serum
0 .35 1 .5 0 0 .186
0 .35 1 .5 0 0 .186
0 .4 0 1 .4 0 0 .148
0 .4 0 1 .4 0 0 .148
0 .4 0 1 .4 0 0 .148
0 .4 0 1 .47 0 .1 7 0
0 .4 5 1 .25 0.105
0 .4 5 1 .25 0.105
D ose  of v iru s /m l log A n tibody /m l of
(d) su p e rn a ta n t
F raction of an tib o d y  free  
(1 -  o i)
SW v iru s  -  an tiS W  serum (C o n td .)
0 . 5 0 1 . 2 0 0 . 09 3
0 . 5 0 1 . 2 3 0 . 1 0 0
0 . 5 0 1 . 2 0 0 . 093
0 . 50 1 . 2 0 0 . 093
0 . 6 0 0 . 93 0 . 0 5 0
0 .6 0 0 . 9 3 0 . 0 5 0
0 . 6 0 0 . 9 0 0 . 0 4 6
0 . 60 0 . 9 0 0 . 0 4 6
0 .65 0 . 8 7 0 . 044
0.65 0 . 8 0 0 . 0 3 7
0 . 7 0 0.77 0 .035
0 .7 0 0 . 7 7 0 . 035
0 .7 0 0 .65 0 . 025
0 . 70 0 .65 0 .025
0 .75 0 . 77 0 . 035
0.75 0 . 77 0 .035
0 . 80 0 . 47 0 . 0 1 7
0 . 8 0 0 . 47 0 . 017
0 .0 0
(con tro ls)
2 .25
2 . 22 1 . 0 0 0
2.25
2 . 22o rig in a l serum
b -  1.34 b -  2.14
FIGURE 2 . E s tim a tion  of equ ilib rium  p a ram ete rs  for th re e  v i r u s -  
an tib o d y  s y s te m s .  I I .  Equilibrium  f i l t r a t io n .  (The d a ta  on Table 2 
a re  p lo tted  acco rd in g  to  Eq. 5 : d ( l - c f t /a  on th e  a b s c i s s a  and ( l - a )  
on the  o rd in a te .  The s t ra ig h t  l in e s  w ere  f i t te d  by the  m ethod of 
l e a s t  s q u a r e s ;  e s t im a te d  v a lu e s  of th e  s lo p e s  (b) and  in te r c e p t s  
(a) a re  show n on th e  g r a p h s ) .
TABLE III
Evalua t ion  of equil ib r ium parameters
(The d a ta  of Tab les  I and II were  e v a lu a te d  accord ing  to  Equa t ions  5 & 6 .  The
3
The f igu res  r e p r e s e n t  mean  v a lu e s  and  th e i r  s tan d a rd  e r ro r s ,  mul t ip l ied  by 10 .)
M ethod  of e s t im a t io n
Strain of Q u a n t i ty  C en t r i fu g a l  s ep a ra t io n  Equil ibrium f i l t ra t ion  B es t  CQmblned
virus e s t i m a te d Eq. 5 E q . 6 Eq. 5 Eq. 6 e s t im a te
sV( l+n) /A 2 5 3 . 2 1 ± 7 .1 4 24 8 .7 7  ± 17 .61 251 .38 ± 23 .05 2 4 2 .6 6  ± 2 2 .83 2 5 1 .3 2  ± 14 .85
MEL K/A 0.41  ± 0 .05 0 .3 9  ± 0 .0 4 0 .4 4  ± 0 .1 4 0 .3 9  ± 0 .0 7 0 .41  ± 0 .0 6
K/sV(l+n) 1 .6 4  ± 2 .9 9 1 .5 6  ± 0 .11 1 .7 4  ± 5 .3 4 1 .61  ± 0 .1 9 1 .6 3  ± 0 .1 3
LEE
sV( l+n) /A
K/A
K/sV(l+n)
1 1 .7 0  ± 0 .91
0 .2 7  ± 0 .0 7  
2 2 .64  ± 7 1 .1 3
1 1 .18  ± 
0 .2 4  ± 
2 1 .13  ±
0 .7 4
0 .0 3
1 .51
1 2 .92  ± 
0 .2 5  ± 
1 9 .43  ±
1 .2 6
0 .08
70 .75
1 4 .9 8  ± 
0 .3 7  ± 
2 4 .5 3  ±
1 .32  
0 .0 7  
1 .89
1 2 .77  ± 
0 .2 9  ± 
2 3 .5 8  ±
0 .89
0 .05
1 .3 2
sV(l+n) /A 2 9 .08  ± 1 .0 2 2 7 .32  ± 1 .6 4 2 3 .34  ± 0 .5 8 2 1 .9 7  ± 1 .32 2 4 .5 2  ± 1 .0 3
SW K/A 0 .1 7  ± 0 .0 2 0 .1 4  ± 0 .01 0 .1 3  ± 0 .01 0 .1 0  ± 0 .01 0 .1 3  ± 0 .0 2
K/sV(l+n) 5 . 8 0  ± 1 1 .4 3 5 . 0 0  ± 0 .3 2 5 .5 8  ± 11 .64 4 .6 8  ± 0 .4 3 5 .3 7  ± 0 .4 3
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COUNTS OF VIRUS PARTICLES
In fe c tiv e  U n its
S eed  v i r u s ,  p rep a red  a s  a la rg e  poo l of a lla n to ic  f lu id , 
w as am p o u led , sn a p - fro z e n  in  a m ix ture  of so lid  CO^ and 
m e th a n o l, and  s to red  a t  - 7 0 ° C . E x p erien ce  ex ten d in g  o v er y e a rs  
had  show n th a t  th e  in fe c t iv i ty  of in flu e n z a  v iru s e s  i s  p e rfe c tly  
s ta b le  under th e s e  c o n d it io n s . The r e s u l ts  of in fe c tiv ity  t e s t s  
c o lle c te d  in  T able IV co v er a sp an  of tw o y e a r s . Each ex p erim en t 
re fe rs  to  a s in g le  a m p o u le , t i t r a te d  in  q u a d ru p lic a te , u s in g  3 .1 6 -  
fo ld  d ilu tio n  s te p s  and  8 re p l ic a te s  per d i lu t io n . All t e s t s  w ere 
done in  b i ts  of th e  su rv iv in g  a l la n to is  (5).
(Table IV)
The e rro r of m ean in f e c t iv i t ie s  i s  ab o u t ± 0 .0 4  log u n i t s ,  
or ±10% , and  th e  e rro r of th e  m ean of any  one q u a d ru p lic a te  
t i t r a t io n  w ould  com e to  a b o u t tw ic e  a s  m uch . K now ledge of th e  
num ber of in fe c tiv e  u n its  is  n o t n e e d e d  for th e  e v a lu a tio n  of 
eq u ilib riu m  d a t a , s in c e  in fe c t iv e  and  n o n - in fe c t iv e  v iru s  
p a r tic ip a te  eq u a lly  in  a n tig e n -a n tib o d y  c o m b in a tio n s . H ow ever, 
th e  v a lu e  of V, th e  num ber of in fe c tiv e  p a r t ic le s ,  is  one of th e  
v a r ia b le s  in  a l l  n e u tra liz a tio n  t e s t s , and  th is  c an  b e  w orked  out
TABLE IV
In fec t iv i ty  of v i rus  s to c k s
(The a l l a n t o i c  f lu ids  of 1 3 -d a y  ch ick  em b ry o s ,  in f e c ted  40 hours 
e a r l i e r  with  about  100 ID ^ of the  r e s p e c t i v e  in f lu en za  v i rus  
s t r a i n s ,  were  po o led ,  d i s p e n s e d  in a m p o u le s ,  s n a p - f r o z e n  and 
s to red  a t  -7  0 ° C . All t i t r a t io n s  were  done  in  b i t s  of the  surv iv ing 
a l l a n t o i s  (5) , with  e igh t  r e p l i c a t e s  a t  e a c h  3 .1 6  - fo ld  d i lu t io n .  
Each  ‘Experiment* was  performed on the  c o n te n t s  of one a m pou le ,
th e  t ime s p a n  b e tw ee n  I and  V being  two y e a r s . )
log ID Q/ m l
Strain
of Experiment
M ean
+
virus I II III IV V s tan d a rd  error
9 .2 1 9 .2 7 8 .6 6 8 .9 7 8 .9 3
MEL 8 . 8 0 8 .8 0 8 .9 3 9 .0 9 8 .9 2 8 .959 .1 5 9 .1 4 8 .9 7 9 .0 5 ±
8 . 8 0 9 .0 5 9 .0 9 8 .4 1 0 .049
8 .3 8 8 .05 7 .85 7 .9 8 8 .1 6
LEE 8 .1 5 8 .1 8 8.01 8 .3 7 8 .0 0 8 .0 78 . 0 0 8 .4 4 7 .7 2 8 .1 8 +
8 .0 5 7 .8 8 7 .8 9 7 .9 2 0 .046
8 . 2 2 8 .3 9 8 .1 9 8 .4 0 8 . 3 0
SW 8 .2 5 8 .2 4 8 .4 0 8 .1 7 8 .2 1 8 .2 38 .0 2 8 .4 4 8 .3 0 8 .01 ±
8 .0 3 8 .55 8 .1 2 8 .1 3 0 .036
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from th e  d a ta  of Table  IV. The b e s t  e s t im a te  of V is  o b ta in ed  by
m ultip ly ing  the  num ber of 5 0 % - in fec tiv e  d o s e s  by 0 .6 9 3 .  The
fac to r  i s  b a s e d  on the  fa c t  th a t  the  d o s e - r e s p o n s e  curve  is
P o is so n ian  in  th is  sy s te m  (6). A ccord ing ly , the  mean c o n c e n t ra -
8 .7 9tio n  of in fe c t iv e  p a r t i c le s  in  our p re p a ra t io n s  w as 10 for
7 9 1  8 0 8
MEL, 10 * for LEE, and 10 ’ for SW v i r u s .
Total Number of P a r t ic le s
P a r t ic le s  id e n t i f ia b le  a s  in f lu e n z a  v irus  under the
e le c t ro n  m ic ro sco p e  were co u n ted  by th e  m ethod of Sharp (7).
o
Each p rep a ra t io n  of v iru s  w as d i lu te d  to  c o n ta in  approx im ate ly  10 
p a r t i c l e s /m l .  One m il l i l i t re  vo lum es w ere tra n s fe r re d  in to  e ach  of 
th ree  s e c to r - c e l l s  of th e  S orvall SU h e a d ,  and  spun a t  2 6 ,0 0 0  g 
for 60 m in . The v iru s  d e p o s i te d  onto  the  co llo d io n  m em branes w as 
sh ad o w e d ,  and f ive  e le c t ro n  m icrographs  were tak en  from e ac h  g r id ,  
a t  an  in s t ru m e n ta l  m a g n if ic a t io n  of 4 2 5 0 - fo ld .  The n e g a t iv e s  were 
p rin ted  a t  a l in e a r  en la rg em en t of 5 .8 5 - f o l d ,  and p a ra l le l  p rin ts  
co u n ted  by e a c h  of u s .  The e s t im a te s  o b ta in e d  a re  5 . 4 9  x 10 ^ 
p a r t ic le s  of MEL v iru s  per m i l l i l i t r e ,  1 . 2 3  x  1 0 ^  LEE/ml, and 
1 . 29  x 1 0 ^  S W /m l,  e a c h  carry ing  an error of abou t ±15%.
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C ontro l t e s t s  on s e c o n d  p s e u d o - r e p l ic a s  show ed th a t  
98% or more of the  v iru s  had b e en  rem oved from the  ag a r  b lock  by 
the  f i r s t  co llod ion  m em brane , and  th u s  the  u n d e re s t im a te  a r is in g  
from th is  so u rce  is  no t s ig n i f ic a n t  in te rm s of the  in h e re n t  error of 
the  m ethod . This error is  som ew hat la rg e r  than  cou ld  be  ex p ec te d  
on random sam pling  v a r ia t io n  o n ly ,  and  one of the  con tribu ting  
fac to rs  seem s  to  be th e  uneven  d is t r ib u t io n  of v iru s  from f ie ld  to  
f ie ld .  The p re p a ra t io n s ,  of c o u r s e ,  w ere  crude  a l la n to ic  f lu id s  
and c o n ta in e d ,  apar t  from a m ajo rity  of d i s c r e te  p a r t i c l e s ,  some 
clum ps of v iru s  w hich  c an n o t be  c o u n ted  w ith  the  sam e a c c u ra c y .  
H aem agg lu tina ting  U nits
Although the  haem ag g lu tin in  t e s t  c an n o t be rega rded  a s  a 
p rocedure  g iv ing  a b so lu te  c o u n ts  of v iru s  , once  the  ra t io  of 
p h y s ic a l  p a r t ic le s  to  h aem ag g lu tin a tin g  u n i ts  h a s  b een  e s t a b l i s h e d ,  
i t  should  provide r e l ia b le  r e la t iv e  e s t i m a te s .  Even s o ,  in t e r - s t r a in  
co m parisons  are  no t p e rm is s ib le  and  th e  te ch n iq u e  of h aem ­
ag g lu tin in  t e s t s  m ust rem ain  in v a r i a t e ,  inc lu d in g  the  u s e  of
e ry th ro cy te s  from a s in g le  donor. By obse rv in g  th e s e  ru le s  we
3 . 6 9found th a t  our p rep a ra t io n s  had  10 * h aem ag g lu tin a tin g  u n i t s /m l  
for MEL, 1 0 ^ * ^  for LEE, and 1 0 ^ ' ^  for SW v i r u s .  All t e s t s  were 
done w ith  red  c e l l s  of the  sam e fo w l,  a h a em ag g lu tin a tin g  un it
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being  th a t  qu an ti ty  of v irus  w h ich  c a u s e s  p a r t ia l  ag g lu t in a t io n  
(the co n v en t io n a l  endpoint) of 0 .2 5  ml of a 1% s u sp e n s io n  of 
e r y th r o c y te s .
The number of v irus  p a r t i c le s  h a s  b e en  e s t im a te d  by 
h a em ag g lu tin a tio n  only on p re p a ra t io n s  w hich  have  no t b e en  
cou n ted  under the  e lec tro n  m ic ro s c o p e ,  su ch  a s  the  c o n c e n t ra te s  
u s e d  in  equilibrium  m easu rem en ts  and  th e  U V -killed  v iru s  em ploy­
ed in some of th e  n e u tra l iz a t io n  t e s t s  to  be d e sc r ib e d  b e lo w .
THE NUMBER OF ANTIBODY MOLECULES
The y -g lo b u l in  of ra b b i ts  h a s  a m o lecu la r  w e igh t of 
about 1 .7  x 10^ (8). I t  i s  known th a t  n e u tra l iz in g  a n t ib o d ie s  are  
found in  th is  frac tion  of p la s m a ,  a s  cou ld  be  confirm ed in th e  c a s e  
of our hyperimmune se ra  w here  on ly  th e  y -g lo b u l in  p eak  w as 
d im in ish ed  when se ra  a b so rb ed  w ith  s p e c i f ic  a n t ig e n  w ere subm itted  
to  free  e le c t ro p h o re s is  in a Perk in-E lm er a p p a r a tu s .  This m e th o d , 
h o w ev er ,  is  u n su i te d  to  our p u rp o se s :  i t  r e q u ire s  la rg e  q u a n t i t ie s  
of a n t i s e ra  and  proh ib itive  am ounts  of v iru s ;  e v a lu a t io n  is  
d if f icu l t  and  rep ro d u c ib il i ty  poor; and  t e s t s  can n o t be  co n d u c ted  
a t  le v e ls  of co n ce n tra t io n  co m p arab le  to  th o s e  ob ta in ing  in
equilib rium  or n e u tra l iz a t io n  a s s a y s .  We h av e  d ev e lo p ed  th e re fo re
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te c h n iq u e s  c a p a b le  of e s t im atin g  the  c o n ce n tra t io n  of a n t ib o d ie s  
in  m ic ro -q u a n t i t ie s  and w ith  an  a c c u ra c y  a c c e p ta b le  by Virologie 
s t a n d a r d s .
Absorption of S pec if ic  A c t iv i ty .
If th e  g lobu lin  frac t io n  of an  a n t i - in f lu e n z a  serum is
uniformly la b e l le d  with r a d io - io d in e ,  an  a v e rag e  of abou t 1 atom 
131of I per m olecu le  w ill  provide ab o u t a th o u san d  t im es  a s  many
d is in te rg ra t io n s  per m inute a s  is  th e  a n t ih a em a g g lu t in in  or
n eu tra l iz in g  t i t r e  of th a t  se rum . Thus if  sp e c i f ic  an tibody  can  be
s e p a ra te d  from the  r e s t  of the  serum  f r a c t io n ,  even  m inute  am ounts
of i t  c an  be  e s t im a te d  r e l ia b ly .
The ex p er im en ta l  p rocedure  i s ,  in  p r in c ip le ,  th e  sam e a s
u sed  in  the  u ltra  cen tr ifu g a l  equ ilib rium  a s s a y s  a b o v e .  The
g lobu lin  of our th ree  s tan d a rd  a n t i s e ra  w as p re c ip i ta te d  0 ° C , by
g rad u a lly  adding 60% (v/v) co ld  m e th a n o l .  These  f rac t io n s  were
131then  la b e l le d  w ith I ,  acco rd ing  to  th e  m ethod of W eb s te r  e t  a l .  
(9). As h a s  b een  d em o n s tra ted  in the  o r ig in a l  p a p e r ,  th is  p rocedure  
does  not d im in ish  e i th e r  th e  q u an ti ty  or th e  com bining c a p a c i ty  of 
a n t ib o d ie s ,  and a t ta c h e s  abou t one I - a to m /1 .5  x 10^ a v o g ra m s , 
i . e  , s u b s t i tu te s  on the  av e rag e  in  one ty ro sy l  r e s id u e  of e ac h
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y -g lo b u l in  m o le c u le .  If such  p re p a ra t io n s  are  now m ixed with 
v irus  and  then  spun in  the  u l t r a c e n t r i fu g e ,  an tibody  com bined 
w ith  v iru s  w i l l  be ca r r ied  down and i t s  ra t io  to  the  n o n -a n t ib o d y  
p ro te ins  c an  be  e s t im a te d  by com paring  the  s p e c if ic  a c t iv i t i e s  of 
su p e rn a ta n t  and d e p o s i t .  As co n tro ls  -  to a s s e s s  w hat f rac tion  
of the  g lo b u lin s  com bines  n o n - s p e c i f i c a l ly  w ith  our a n t ig e n s  -  
we la b e l le d  se ra  ta k en  before  v a c c in a t io n  from the  sam e r a b b i t s . 
These  w ill  be re fe rred  to a s  'z e r o - d a y  b l e e d s '  in  Table V w hich 
g iv e s  the  r e s u l t s  of th e s e  e x p e r im e n ts .
After the  c en tr i fu g a l  run  th e  s u p e rn a ta n ts  w ere  rem oved , 
and the  d e p o s i t s  r e s u sp e n d e d  in  th e  o r ig in a l  volum e of s a l in e  
co n ta in ing  a sec o n d  d o se  of v i r u s ,  and  the  m ixture r e - s p u n .  By 
th is  m eans  the  sm all  bu t h igh ly  r a d io - a c t iv e  f rac t io n  of the  
su p e rn a ta n t  t rapped  in the  p e l le t  co u ld  be  rem oved . It w as found 
th a t  a sec o n d  re s u s p e n s io n  did no t fu r ther red u ce  the  sed im en tab le  
s p e c if ic  a c t i v i ty .  We have  a l s o  o b se rv ed  th a t  some la b e l le d  
pro te in  is  firmly bound to  lu s te ro id  tu b e s  and  g iv e s  an  u n d e s irab ly  
h igh  b lank ; th is  c a n  be la rg e ly  p rev en ted  by co a tin g  th e  tu b e s  w ith  
p ro te in  before  u s e .  As part of our s tan d a rd  p rocedure  a l l  tu b e s  
were f i l le d  befo re  an  exper im en t w ith  10% normal rab b it  serum in
s a l in e  for 10 m in . , and then  d ried  in  a i r .
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(Table V j
C on tro l a n t ih a em ag g lu tin in  t e s t s  on the  su p e rn a ta n ts  
show ed t h a t ,  for p ra c t ic a l  p u rp o s e s ,  a l l  ( 99.93%) an tibody
cou ld  be d e p o s i te d  w ith the  v i r u s , and  th a t  non-im m une serum 
co n tr ib u ted  l i t t l e  to the  r a d io a c t iv i ty  of th e  d e p o s i t s . On the  
a ssu m p tio n  of uniform la b e l l in g  and  of m o lecu la r  w e ig h ts  of
1.7 x  105 , th e  an tibody  co n ten t  of our th ree  s tan d a rd  se ra  com es
1 4 2 9  1 5 .25to  10 ' m o le c u le s /m l  for a n ti-M E L , 10 * m o le c u le s /m l
for anti-LEE and 1 0 ^  m o ie c u le s /m l  for a n t i -S W .
E le c t ro d ie re s is
W hen in f lu en za  v i ru s e s  and  th e ir  hom ologous a n t ib o d ie s  
are  brought to g e th e r  in  c o n c e n tra te d  form , th ey  g iv e  a p re c ip i ta te  
(10). If th is  re a c t io n  is  a llo w ed  to  p ro ceed  w ith in  a m olecu lar  
s i e v e ,  the  p re c ip i ta te  w ill  be  t r a p p e d ,  and the  free  r e a g e n ts  can  
be  rem oved e le c t ro p h o r e t i c a l ly . This i s  the  p r in c ip le  of the  
m ethod d e s ig n e d  for e s t im a tin g  an tib o d y  in 1 to  5 pi of se rum , and  
g o es  under the  nam e of e le c t r o d ie r e s i s  (11).
In p ra c t ic e ,  4 pi of a pu rif ied  v iru s  s u s p e n s io n  co n ta in ing  
abou t 10^ p a r t i c le s /m l  w as s t r e a k e d  a c r o s s  2 .5  cm of a c e l lu lo s e  
a c e ta t e  s t r ip  ( 'O x o i d 1 D iv .  , Oxo C o .  , G rea t  Britain) and  a llo w ed  
to  so ak  in .  Two m inutes la te r  4 pi of a n t is e ru m  w as s t re a k e d  over
TABLE V
Antibody co n ten t  of s to ck  se ra  
I .  E s tim ation  by s p e c i f ic  a b s o rp t io n .
(The I - l a b e l l e d  g lo b u lin  frac t io n  of se ra  w as ab so rb ed  w ith  e x c e s s  
hom ologous v i r u s ,  and  the  ra d io a c t iv i ty  of th e  d e p o s i t s  (d) and su p e r­
n a ta n ts  (s) m easu red  a f te r  d ep o s i t in g  the  v iru s -b o u n d  com ponents  in 
th e  u l t r a  c e n t r i fu g e . The m eans and s tan d a rd  erro rs  a re  b a s e d  on 14 
d e te r m in a t io n s .)
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Sample
a b so rb ed
w ith
R ad ioac tiv ity  (coun ts /m in )  
antiMEL antiLEE antiSW
zero
(virus (d) 
n il  (d)
652 ± 106 
638 ± 114
1181 ± 256 
1116 ± 323
769 ± 214 
684 ± 328
day v irus  (s) 137100 48800 144575
bieed  ~ % bound 
by v irus 0.0102% 0.1332% 0.0588%
hyper- 
immune ■ 
b le ed
v irus  (d) 
n i l  (d)
1046 ± 213 
680 ± 151
3112 ± 413 
2060 ± 277
2050 ± 562 
607 ± 122
v iru s  (s) 173200 63750 139925
% bound 
by v irus 0.2113% 1.6502% 1.0313%
Frac tion  s p e c i f i ­
c a l ly  bound 0.201% 1.517% 0.973%
Protein  c o n ten t  
mg/ml) 2 7 .2 3 3 .5
00»
CDC\l
Antibody m ole­
c u le s /m l (1 .94± 0 .40) 
x  1014
(1 .80±0 .24) 
x  1015
(1 .0010 .39) 
x  1015
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the  a n t ig e n .  After a pe riod  of 2 h r ,  a l lo w ed  for e q u i l ib ra t io n ,  
the  e le c t ro p h o re t ic  run w as  begun  a t  a p o te n t ia l  g ra d ie n t  of 10V/cm 
and a cu rren t of 0 .7  mA per s t r ip ,  in th e  Arons so n -G rö n  w a ll  buffer 
(12), a t  pH 8 .9  . Under t h e s e  c o n d i t io n s  the  a lbum in peak  m oves 
about 2 .5  c m /h r  and  y - g lo b u l in  ab o u t 1 .0  c m /h r .  The cu rren t  w as 
sw i tch e d  off a f te r  two h o u r s , th e  s t r ip s  s ta in e d  w ith  Procion or 
C o o m a ss ie  B lue , d r ie d ,  m ade t r a n s p a r e n t  and  s c a n n e d  in  an  i n t e ­
g ra ting  p h o to m e te r .  (The e le c t ro p h o re t ic  equ ipm ent and th e  new  
q u a n t i ta t iv e  s ta in in g  p ro c e d u re s  d e v e lo p e d  for th is  pu rpose  have  
b een  p u b lish ed  s e p a ra te ly  (13).) The peak  rem ain ing  a t  the  
orig in  i s  the  v i ru s -a n t ib o d y  co m p lex . After co rre c t io n  for v i r u s ,  
th is  a rea  i s  to  th e  a rea  of th e  y - g lo b u l in  peak  a s  the  num ber of 
an tib o d y  m o le c u le s  is  to  th e  num ber of n o n -a n t ib o d y  y -g lo b u l in  
m o lecu les  . If la b e l le d  a n t is e ru m  i s  u s e d  in  th e  sam e t e s t ,  
c o r re c t io n s  for a n t ig e n  a t  th e  o rig in  becom e u n n e c e s s a r y .  This 
a rrangem en t bo th  e n h a n c e s  th e  s e n s i t iv i ty  of the  m ethod and  
ren d e rs  i t  l e s s  open  to  s y s te m a t ic  e rro r .  The r e s u l t s  of su ch  
e le c t ro d ie re t ic  runs  a re  g iv en  in Table  VI .
(Table VI )
The q u a n t i ty  of s p e c i f ic  a n tib o d y  i s  s e e n  to  be w ith in  
th e  range  of the  v a lu e s  w orked out in  Table V . This p rov ides
TABLE VI
Antibody c o n te n t  of s to ck  se ra  
I I .  E s tim ation  by e le c t ro d ie re s i s
8 6(P re c ip i ta te s  formed by 4 pi of hyperimmune serum  and abou t 10 
p a r t ic le s  of the  hom ologous v irus  were su b m itted  to  e le c t r o ­
p h o re s is  on c e l lu lo s e  a c e ta t e  s t r i p s .  The p ro te in  c o n te n t  of the  
v a rious  b an d s  was e v a lu a te d  by th e  q u a n t i ta t iv e  s ta in in g  p rocedure  
of F a z e k a s ,  W eb s te r  and D a ty n e r ,  (1962) (13), w ith  an a v e rag e  
error of ± 1 .9  p g ) .
Protein co n ten t
pg antiMEL
Serum
antiLEE an tiSW
y  -g lo b u l in  peak 4 7 .5 5 6 .6  6 3 .4
an tibody  peak 1 .7 2 .1  2 .7
an tibody  a s  % of 
y  -g lo b u l in 3 .5 9 3 .7 1  4 . 2 5
an tibody  m o le c u le s /  
ml (1.51±1.68)xl015 (1 .86±1 .68)x l015 (2 .3 9 ± 1 .6 8 )x l0 15
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a s e c o n d , in d ep en d en t e s tim a te  w h ic h , a lth o u g h  c o n s id e ra b ly  
le s s  a c c u r a te ,  d o es  not dep en d  on th e  a ssu m p tio n s  m ade w hen 
ev a lu a tin g  th e  re s u l ts  of u ltra c e n tr ifu g a l s e p a ra t io n .
EQUILIBRIUM CONSTANTS AND NUMBER OF ANTIGENIC SITES
C om bining th e  b e s t  e s t im a te s  of s lo p e s  and in te rc e p ts  
o b ta in ed  in  equ ilib rium  m easu rem en ts  (Table III) w ith  e s tim a te s  
of th e  c o n c e n tra tio n  of v iru s  and  an tib o d y  m o lecu le s  in  our s to c k  
p re p a ra tio n s  (Table IV, V, and VI) th e  p a ram ete rs  of v iru s -  
an tib o d y  in te ra c t io n  can  be d e fin e d  and a l lo c a te d  ap p ro p ria te  
ex p e rim en ta l e rro rs (Table VII) .
(Table VII)
One fe a tu re  of Table VII d e se rv in g  em p h as is  i s  th e  
s im ila r ity  among in flu en z a  s tra in s  of s_, th e  num ber of a n tig e n ic  
s i te s  per p a r t ic le .  The m ean v a lu e s  do no t d iffe r s ig n if ic a n tly  
among e a c h  o th e r and a poo led  e s tim a te  w ould com e to 1733 ± 52 0 
s i te s  per p a r t ic le .  This v a lu e  is  su p p o rted  by fu rth er m e asu re ­
m ents , som e a lre ad y  p u b lish ed  (3 ), som e to  ap p ea r la te r  in  th is  
s e r i e s .  The s im p le s t h y p o th e s is  co u ld  th u s  p o s tu la te  a re p e a tin g
p a tte rn  co v erin g  th e  su rfa ce  of in f lu e n z a  v iru s e s  w ith  th e  in d iv id u a l
TABLE VII
E s t im a te s of equ ilib rium  c o n s ta n t s  and a n t ig e n ic  s i t e s  
(Com puted from th e  d a ta  of T ab les  III ,  IV, V, & VI) A 1
W eig h ted  m ean and  s tan d a rd  error
MEL -  antiMEL LEE -  an ti  LEE SW -  an tiS W
C oncentra tion  of v iru s  (p a r t ic le s /m l) (5 .4 9  ± 0 .9 4 )  x  1010 (1 .23  ± 0 .23 )  x  1010 (1 .29  ± 0 .17 )  x 1010
C oncentra tion  of an tib o d y  (m o lecu les /m l) (2 .2 4  ± 0 .48) x 1014 (1 .81  ± 0 .27 )  x 1015 (1 .07  ± 0 .4 7 )  x  1015
Equilibrium c o n s ta n t ,  K (9 .1 8  ± 2 .39 )  x  1010 (5 .25  ± 1 .20 )  x  1011 (1 .39  ± 0 .65 )  x  1011
Number of a n t ig e n ic  s i t e s  per v irus  
p a r t ic le
(1 .3 3  ± 0 .37) x  103 (1 .85  ± 0 .47 )  x 103 (2 .02  ± 0 .93 )  x  103
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a n tig e n ic  d e te rm in a n ts , d iffe re n t for e a c h  s t r a in , ap p ea rin g  ab o u t 
2 ,0 0 0  t im e s . W hether im m unochem ical m ethods can  be e x p e c te d  
to  y ie ld  n u m erica l e s tim a te s  of l e s s  u n c e r ta in ty  d ep en d s  e n tire ly  
on th e  a c c u ra c y  w ith  w hich  th e  num ber of v iru s  p a r t ic le s  a n d , 
e s p e c ia l ly ,  of an tib o d y  m o le c u le s  c an  be  d e te rm in e d . The 
eq u ilib rium  m easu rem en ts  th e m se lv e s  a re  re p ro d u c ib le  w ith in  
b e t te r  th an  10%, a cc o u n tin g  for a sm all f ra c tio n  on ly  of th e  o v e ra ll 
e rro r .
The v a lu e s  of K, th e  eq u ilib riu m  c o n s ta n t ,  re fe r  to  a 
h e te ro g en e o u s  p o p u la tio n  and  sh o u ld  th u s  be c o n s id e re d  a s  m ean 
v a lu e s  c e n tre d  on th e  s p e c ie s  of an tib o d y  m o lecu le  w hose  
equ ilib riu m  c o n s ta n t  i s  of th e  o rder of c o n c e n tra tio n  o b ta in in g  in  
th e  t e s t s .  T hese  c o n c e n tra tio n s  w ere 1 :8 0 , 1:100 and  1:200 of 
our s to ck  an ti-M E L , anti-LEE and  a n ti-S W  se ra  r e s p e c t iv e ly ,  
co rre sp o n d in g  to  l O ^ * ^ ,  10 ^  ^ * 2 6 ancj ^ ^ 1 2 . 7 3  a n ti]DOCiy m o lecu le s  
per m l. The o b se rv ed  eq u ilib riu m  c o n s ta n ts  t e l l  no th ing  ab o u t th e  
d is tr ib u tio n  of an tib o d y  s p e c ie s  c h a ra c te r iz e d  by d iffe re n t K -v a lu e s , 
and  a m ore p e n e tra tin g  s tu d y  of th is  problem  m ust a w a it e f fe c t iv e  
fra c tio n a tio n  of a n tis e ra  acco rd in g  to  th is  c r i te r io n .  In th e  m ean ­
t im e , i t  i s  m andatory  to  c o n d u c t eq u ilib riu m  m easu rem en ts  w ith in  
th e  sam e c o n c e n tra tio n  ran g e  a s  u se d  in  e s tim a tin g  th e  q u a n tity  of
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a n tib o d y  m o le c u le s , as has been done above; e x tra p o la t io n , 
as rega rds  e ith e r the  v a lu e  o f K or the  c o n c e n tra tio n  o f a n t ib o d y , 
is  unw a rra n te d  and bound to  le a d  to  s y s te m a tic  e rro rs  o f in te r ­
p re ta tio n .
ESTIMATION OF PARAMETERS IN  VIVO
F in a lly ,  to  f in d  ou t w h e the r the  b a s ic  m echan ism  proposed 
to  a c co u n t fo r  the  be h a v io u r o f v iru s  and a n tib o d y  in  v it r o  h e ld  
a ls o  in  n e u tra liz a t io n  t e s t s , means were a ls o  sought fo r  e s tim a tin g  
the  same param eters in  v iv o , in  te rn a ry  sys tem s w here the  fra c t io n  
o f s u rv iv in g  in fe c t iv e  p a r t ic le s  was be ing  m easured and no t the  
c o n c e n tra tio n  o f free  a n tib o d y .
The vo lum e  e ffe c t
t io n  in  the  te s t  vo lu m e , as a lre a d y  used in  the  cam pan ion paper. 
I f  the  b a s ic  e q u ilib r iu m  be tw een  v iru s  and a n tib o d y , Eq. 2 , is  
re w r it te n  to  c o n ta in  a term  fo r  v o lu m e , we have
One such procedure  m ay be based  on the  s tu d y  o f v a r ia -
K =
V  0 * 0 7
21
The sym bols VG and A q  s tan d  h e re  for th e  a b so lu te  num bers of
in fe c tiv e  p a r tic le s  and an tib o d y  m o le c u le s  r e s p e c t iv e ly ,  and  not
3
for th e ir  c o n c e n tra tio n s ; v i s  th e  t e s t  volum e in  cm .
The outcom e of n e u tra l iz a t io n  a s s a y s  is  e v a lu a te d  in  
te rm s of th e  su rv iv ing  frac tio n  of v iru s ,  and th is  fra c tio n  m ay be 
k ep t c o n s ta n t by keep ing  th e  num ber of u n o ccu p ied  a n tig e n ic  
s i t e s ,  ^ sVq (1 + n) -  qaQ  , c o n s ta n t .  This w ill be  a c h ie v e d  
by add ing  d -  tim es  a s  much a n tib o d y  to  th e  sy s te m  w hen th e  
volum e is  ch an g ed  from 1 to  v .  Thus
If su ch  t e s t s  are  perform ed in  th re e  d if fe re n t vo lum es 
(vx , V2 , V3) req u irin g  an tib o d y  in c re m en ts  of d_^, d 2 / d ^ , we 
h av e  th re e  eq u a tio n s  of th e  ty p e  of E quation  8 . Any of th e s e  can  
be u sed  for e lim in a tin g  th e  unknow n p aram ete r a ,  and  th e  o th er 
tw o in th e  e s tim a tio n  of th e  p a ram e te rs  of in te r e s t ,  _s and  K. 
G en era lly  th re e  e q u a tio n s  of th e  form
voA,o
8
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w ill  be o b ta in e d ,  w here  the  s u b s c r ip ts  h ,  i_, j_ take  the  v a lu e s  
of (1, 2 , 3),  {2 , 3 , 1) and  (3 , 1 , 2) in tu rn .  Another transfo rm  
of eq u a tio n  8
w ill  g iv e  an  a l te rn a t iv e  m eans of hand ling  the  e x p e r im en ta l  d a t a . 
T hus , a t  e a c h  le v e l  of v iru s  in p u t ,  th e  number of a n t ig e n ic  s i t e s  
and the  equ ilib rium  c o n s ta n t  c a n  be  e s t im a te d  by f i t t in g  s t ra ig h t  
l in e s  to  the  p o in ts  d e f in ed  in Eq. 9 or 10. E v id en tly ,  in  th is  way 
we are  ab le  to  e v a lu a te  the  b eh av io u r  of a n t ig e n  and an tib o d y  in 
n e u t r a l i z a t io n  t e s t s  w ithou t know led g e  of the  m echan ism  of 
n e u t r a l iz a t io n ,  th a t  i s  w ithou t any  a d d i t io n a l  a s s u m p t io n s .
The ap p ro p r ia te  ex per im en ts  have  b e en  performed 
w ith  a l l  th re e  s t r a in s  of in f lu e n z a ,  a t  8 or more c o n c e n tra t io n s  
of v i r u s , the  th ree  t e s t  vo lum es s tan d in g  in  th e  ra t io  of 1 : 3 : 6 .  
By th e  u s e  of one of th e  th ree  e q u a t io n s  of type  9 or 10 in  tu rn ,  
the  frac t io n  of an tib o d y  m o lecu les  bound to  v i r u s ,  a ,  w as 
e l im in a ted  and  the  p a ram ete rs  _s and  K e v a lu a te d  s im u l ta n e o u s ly  
from the  rem ain ing  tw o e q u a t io n s .  The b e s t  com bined  e s t im a te s
sV (1 + n) o
K
10
ap p ea r  in  Table VIII.
23
The d is p la c e m e n t  e ffec t
An a l te rn a t iv e  p rocedure  for ev a lu a t in g  equ ilib rium  
p aram ete rs  in v ivo  may be  b a s e d  on th e  d is t r ib u t io n  of an tibody  
b e tw een  in fe c t iv e  and n o n - in fe c t iv e  p a r t i c l e s . If a t  the  end 
poin t of n e u t r a l iz a t io n ,  the  equ ilib rium  b e tw e e n  a n t ig e n ic  s i t e s  
and an tibody  is  d e sc r ib e d  by Eq. 1
K = -SY C L +üL l X  ( A - y )  1
y
by adding m -t im es  a s  much k i l le d  v i r u s , th e  equ ilib rium  w ill  
s h if t  to
K = m- s.y.LU+_nl.-iS ( A - x )  . 11
X
The o r ig ina l n e u t ra l iz a t io n  e n d p o in t  w ill  b e  r e - e s t a b l i s h e d  by 
ensuring  th e  sam e a v e rag e  o ccu p an cy  of a n t ig e n ic  s i t e s ,  i . e .  , 
s e t t in g  jjsV(l + n) -  y] / y  = [m sV(l + n) -  x) / x  and h e n ce  
my = x- A ccord ing ly ,
K = m s v ( l  + n )  -  my (dA _ my) , 12
my
th a t  i s ,  by  adding  d - t im e s  a s  much a n t ib o d y ,  th e  e n d p o in t  of 
n e u tra l iz a t io n  w ill  be m a in ta in ed  in  fa c e  of an  in - fo ld  in c r e a s e  
in  n o n - in fe c t iv e  v i r u s .  From Eq. 11 and  12 (dA-my) = (A-y), and 
h en ce  y_ = A ( d - l ) / ( m - l ) .  By th is  m eans  the  unknown q u a n t i ty
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Y_ i s  e l im in a ted  and th u s ,  once  a g a in ,  we h av e  an  eq u a tio n  w hich  
a llow s  e s t im a tio n  of s_ and  K from n e u t ra l iz a t io n  t e s t s  w ithou t any 
a ssu m p tio n s  on the  m echan ism  of n e u t r a l iz a t io n .
S u itab le  l in ea r  transfo rm s are
m -  d _ sV(l + n) m -  dl
_m -  1 A d -  l j
and
m -  1 _ sV(l + n) m -  1
jn  -  d_ K Id -  lJ
E quations  13 and 14 a re  u se fu l  in the  range  w here  d /  1 and 
d /  m; th i s  i s  th e  reg ion  of the  in f le c t io n  po in t in  n e u tra l iz a t io n  
t e s t s ,  w here  sV (1 + n) K. (See F ig .  5 of (2) ) .
E xperim ents  of the  type  r e p re s e n te d  in  F ig .  6 of the  
com panion  paper were performed on th e  th ree  s to c k  s t r a in s ;  
U V -killed  purif ied  v i ru s e s  were u se d  for sh if t ing  the  in f le c t io n  
p o in t .  The r e s u l t s ,  e v a lu a te d  acco rd in g  to  E q s .  13 and  1 4 , 
a p p ea r  in Table VIII.
13
14
(Table VIII)
The b e s t  e s t im a te s  of s_ and K, b a s e d  on in v ivo  m e a s u re -  
2 9 8  1 0 2 0m ents  a re  10 * and 10 * for MEL v iru s  and i t s  a n t ib o d y ,
„3 .1 3  , n1 0 .86 , ___ , , n3 .49 , i n 10 . 73  f10 and  10 for LEE, and 10 and 10 for
SW . On th e  w h o le ,  the  r e s u l t s  o b ta in e d  by t h e s e  m ethods carry  
la rg e  e x p e r im en ta l  e r ro r s .  In a s e n s e ,  th is  i s  the  p r ice  to  be
TABLE VIII
E va lu a tio n  of equ ilib rium  p a ram ete rs  in  vivo
(The d a ta  of vo lu m e- and  d isp la c e m e n t-e x p e r im e n ts  w ere  e v a lu a te d  acco rd ing  
to  E qua tions  9 and  10, and  13 and  14, r e s p e c t iv e ly .  The f igu res  r e p re s e n t
3
com bined  w e igh ted  m eans  and  th e i r  s tan d a rd  e r r o r s , m u ltip l ied  by 10 ) .
M ethod  of e s t im a tio n
Strain of 
virus
Q uan tity
e s t im a te d V olum e-exper im en t D isp la c e m e n t-e x p e r im e n t
sV(l +n)/A 192 .3 5  ± 1 7 .0 0 1 7 1 .4 0  ± 13 .05
MEL K/A 0 .0 7  ± 0 .0 1 0 .0 7  ± 0 .01
K/sV(l+n) 0 .3 7  ± 0 .1 9 0 .4 9  ± 0 .1 4
sV (l+n)/A 1 0 .6 8  ± 4 .3 2 7 .8 8  ± 1 .5 8
LEE K/A 0 .0 4  ± 0 .0 1 0 .0 4  ± 0 .01
K/sV(l+n) 5 .2 1  ± 5 .4 0 4 .4 2  ± 2 .3 5
sV (l+n)/A 3 7 .0 2  ± 4 .1 0 3 8 .9 4  ± 4 .9 6
SW K/A 0 .0 5  ± 0 .0 1 0 .0 5  ± 0 .01
K/sV(l+n) 1 .3 8  ± 1 .2 9 1 .3 1  ± 1 .3 4
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p a id  for th e  s e lf - im p o s e d  r e s tr ic t io n  of do ing  w ith o u t g ra tu ito u s  
a ssu m p tio n s  reg a rd in g  th e  m echan ism  of n e u tra l iz a t io n .  As 
w ill be  show n in  la te r  p ap e rs  of th is  s e r i e s ,  c o n s id e ra b ly  b e t te r  
e s t im a te s  c an  be d e riv ed  from in  v iv o  m easu rem en ts  w hen 
sp e c if ie d  -  and  e x p e r im en ta lly  v e r if ia b le  -  m odels of 
n e u tra liz a tio n  a re  u se d  a s  b a s is  for th e  a p p ro p ria te  c a lc u la t io n s .  
As th e y  s ta n d ,  th e  r e s u l ts  a re  in a c c u r a te ,  th a t  i s ,  d e fin e  ra th e r  
w ide  in te rv a ls  w ith in  w h ich  th e  tru e  m eans m ust l i e .  Y e t, th e  
q u a n tita tiv e  e s t im a te s  o b ta in e d  by  a v a r ie ty  of in  v itro  and 
in  v ivo  te c h n iq u e s  m ay be  le g it im a te ly  com pared ; th e y  a re  s e e n  
to  be c o n s is te n t  w ith in  e a c h  s e t  of o b s e rv a t io n s . This find ing  
is  s u f f ic ie n t to  e s ta b l is h  th e  m ass  a c tio n  m odel a s  th e  proper 
w orking h y p o th e s is  fo r th e  in te ra c t io n  of v iru s e s  and  a n t ib o d ie s , 
b o th  in  v itro  and  in  v iv o .
The num ber of a n tig e n ic  s i t e s , a s  e s tim a te d  by  th e  tw o 
in  v ivo  m e th o d s , f a l ls  w ith in  5 0% of th e  e s t im a te s  d e riv ed  from 
eq u ilib rium  m easu rem en ts  (-23  and  -32%  for MEL, -1 6  and  -39%  
for LEE, +33 and +37% for SW ). U n le ss  reg a rd ed  a s  ch an g e  
c o in c id e n c e , th is  w ould  s u g g e s t  th a t  th e  sam e a re a s  a re  bo th  
in v o lv ed  in  th e  n e u tra liz a tio n  of in f lu e n z a  v iru s e s  an d  u n d e rlie  
th e ir  s e ro lo g ic a l re a c t io n s  in  v i t r o .  I t  i s  in te re s t in g  to  n o te  th a t
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th e  su rfa c e  of a s p h e r ic a l p a r tic le  of 0 .0 8 0  \i d iam eter 
2
( i . e . ,  0 .0201 \i ) cou ld  acccrrm odate a t c lo s e  pack ing  ab o u t 
2500 c irc u la r  a re a s  of th e  d im en sio n s  of an  an tib o d y  m o lecu le  
(minor a x is  14°A ). T hu s, i t  s e e m s , th a t  th e  e x p e rim en ta lly  
d e te rm in ed  num ber of s i te s  com es very  c lo s e  to  th e  maximum 
p o s s ib le ,  and th a t th e  an tib o d y  m o le c u le s  can  be e x p e c te d  to  
a t ta c h  by th e ir  t ip s  and  be a rran g ed  norm al to  th e  su rfa c e  of th e  
v i r u s .
The e s tim a te s  of K d e riv ed  from in  v ivo  m easu rem en ts  
a re  uniform ly  and s ig n if ic a n tly  low er th a n  th e  co rre sp o n d in g  
v a lu e s  o b ta in ed  by equ ilib rium  te c h n iq u e s .  The d iffe ren c e  is  
5 .8 5 - f o ld  for MEL, 7 .2 5 - fo ld  for LEE, 2 .6 0 - fo ld  for SW . These 
d if fe re n c e s  are  in d ep en d en t of th e  e s t im a te s  of th e  num ber of 
a n tib o d y  m o le c u le s , a s  th e  sam e r e s u l ts  a re  o b ta in ed  w hen th e  
ra tio s  K/s_ a re  c o n s id e re d , and th e s e  c o n ta in  on ly  th e  num ber of 
v iru s  p a r t ic le s  a s  v a r ia b le . S in ce  th e  c o n c e n tra tio n  of an tib o d y  
u se d  in  n e u tra liz a tio n  t e s t s  w as ab o u t 20-5  0 tim es  low er th an  in  
th e  eq u ilib riu m  m e a su re m e n ts , th e  d iffe re n c e  may w e ll r e s t  on th e  
h e te ro g e n e ity  of th e  an tib o d y  p o p u la tio n . Such an in te rp re ta tio n  
im p lie s  th a n  only  th e  more firm ly  b ind ing  v a r ie t ie s  of an tib o d y  a re
e ffe c tiv e  in  ab o lish in g  in fe c t iv i ty .
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G e n e ra l ly ,  the  main sou rce  of u n c e r ta in ty  of equ ilib rium  
m easu rem en ts  in im m unological s y s te m s ,  be i t  in  v ivo  or in  v i tro  , 
sp r in g s  from errors  bound up w ith e s t im a tin g  the  number of an tibody  
m o le c u le s .  S a t is fa c to ry  so lu t io n  of th is  problem c an  be e x p e c te d  
in  two w a y s . If the  an tibody  frac t io n  can  be s e p a ra te d  from an 
a n t is e ru m , ev en  if  th is  frac t io n  does  not c o n ta in  a l l  of the  a n t ib o d y , 
the  overw helm ing background of n o n - s p e c i f ic a l ly  com bining 
s u b s ta n c e s  would be e l im in a te d .  Or, if  the  uniform ity  of a n t ig e n ic  
s i t e s  and th e i r  c o n s ta n t  number per v irus  p a r t ic le  i s  a c c e p te d ,  the  
v a lu e  of j5 c an  be t re a ted  a s  a known fundam en ta l  c o n s ta n t .  This 
n o t only d o es  aw ay  with the  n eed  of e x p e r im en ta l ly  e s t im a tin g  the  
number of an tib o d y  m o lecu les  b u t ,  in d e e d ,  would provide  a pow er­
ful m ethod for th e ir  m easu rem en t.  Such c o n s ta n c y  of a n t ig e n ic  
s i t e s  per p a r t ic le  is  not only  the  s im p le s t  in te rp re ta t io n  of our 
f in d in g s ,  bu t  would be a n e c e s s a r y  c o n se q u e n c e  of the  su b u n i t -  
s t ru c tu re  of sm all  v i r u s e s ,  in c re a s in g ly  e v id en t  from re c e n t  X-ray 
and  e lec tro n m ic ro sc o p ic  s tu d i e s .  A com pelling  c a s e  for the  
id e n t i ty  of c ap so m e re s  and a n t ig e n ic  u n i ts  in to b a c c o  m o sa ic  
v iru s  h a s  b e en  m ade by Rapaport (14).
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Paper VI.
THE IMMUNE RESPONSE TO INFLUENZA VIRUS. 1 . EFFECT OF 
ROUTE AND TIME SCHEDULE OF VACCINATION ON NEUTRALIZING
ANTIBODIES
SUMMARY
The immune re s p o n se  of ra b b i ts  to  v ira l  a n t ig e n s  is  
in v e s t ig a te d  in a s e r ie s  of s t u d i e s .  The f i r s t  of th e s e  c o n ta in s  
th e  g e n e ra l  d e s ig n  of the  e x p e r im e n ts ,  the  m ethods of e v a lu a t io n ,  
and  the  d a ta  of n e u tra l iz a t io n  t e s t s  covering  prim ary and an am ­
n e s t i c  r e s p o n s e s .
Three s t ra in s  of in f lu en z a  v iru s  (MEL, LEE and SW) 
se rv ed  a s  a n t ig e n s ,  and were ad m in is te red  w ith  or w ithou t 
a d ju v a n t ,  e i th e r  a s  s in g le  or a s  s e r ia l  i n j e c t i o n s ,  by the  in t r a ­
v e n o u s ,  in t r a p e r i to n e a l  or su b c u ta n e o u s  ro u te .
N eu tra l iz in g  an tibody  cou ld  be  d e te c te d  in the  c i r c u la ­
tion  by 2-3  days  a f te r  primary v a c c in a t io n ,  and i t s  ra te  of 
in c r e a s e  is  co m patib le  w ith  an e x p o n en t ia l  m e ch an ism . The 
a n a m n e s t ic  r e s p o n se  s ta r t s  a f te r  a s im ila r  d e la y ,  bu t i t s  ra te  
of in c re a s e  i s  in i t i a l ly  f a s te r  th an  e x p o n e n t ia l .
The q u an t i ty  of n e u tra l iz in g  an tib o d y  produced  d ep en d s  
on th e  rou te  and s c h e d u le  of v a c c in a t io n ,  a s  w e ll  a s  on the  
a n t ig e n .  For the  sam e d o se  of v iru s  th e  in trav e n o u s  rou te  is  
som ew hat b e t te r  than  the  in t r a p e r i to n e a l ,  and  much b e t te r  th an
the  s u b c u ta n e o u s .
2H igher an tibody  le v e l s  a re  re a c h e d  a f te r  m ultip le  
in je c t io n s  i r r e s p e c t iv e  of ro u te ,  during the  prim ary re s p o n se ;  
t h e s e  d i f fe ren c es  d is a p p e a r  a f te r  a n a m n e s t ic  s t im u la t io n .
Aqueous v a c c in e s  e l i c i t  a more rap id  and h ig h e r  prim ary 
r e s p o n s e  th an  w a te r - in - o i l  e m u ls io n s ;  th is  i s  p a r t ic u la r ly  true  
for the  v i ru s e s  SW and LEE w hich  a c tu a l ly  fa i l  to  re sp o n d  w ell 
to m ultip le  in je c t io n s  by any rou te  if  f i r s t  g iv en  a s in g le  in t r a ­
m u scu la r  d o se  of the  sam e v iru s  in  a d ju v a n t .
More n e u tra l iz in g  an tib o d y  i s  p roduced  by a l l  ro u te s  
and s c h e d u le s  a g a in s t  MEL than  a g a in s t  SW, w hile  LEE is  the  
l e a s t  im m unogenic of the  th ree  a n t ig e n s  t e s t e d .
W ith the  la rg e  d o se  of a n t ig e n  u s e d ,  sec o n d a ry  s t im u la ­
tion  e l i c i t s  m axim al r e s p o n s e s  w hich  te r t ia ry  in je c t io n s  can  only
m a in ta in ,  no t im prove .
INTRODUCTION
W hile  m ost th e o r ie s  in  immunology have  a r i s e n  from 
new  s e t s  of o b s e r v a t io n s ,  the  more r e c e n t  id e a s  in  th is  f ie ld  
a re  la rg e ly  d e d u c tiv e  and s ee k  to  show  how th e  p roduction  of 
a n t ib o d ie s  would f i t  in to  the  modern c o n c e p tu a l  framework of 
h e re d i ty  and in d iv id u a l i ty .  A s in g le  body of d a ta  h a s  thus  
b een  in te rp re te d  from fu n dam en ta l ly  d if fe ren t  p o in t s - o f - v ie w ,  
and  a s  a r e s u l t  we a re  p re sen te d  w ith  s e p a ra te  s y n th e s e s  th a t  
a p p a re n t ly  a c c o u n t  for m ost of th e  fa c ts  but h ap p en  to  be 
m utua lly  e x c lu s iv e .  S ince  a s t a t e  of a f fa irs  l ik e  th is  c a n  r e s t  
on ly  on a la ck  of b a s i c  in fo rm atio n , i t  seem ed  t a  us th a t  th e  
im m edia te  ta s k  of im m unologic enqu iry  w as not so  much the  
d e s ig n  and  perform ance  of c ru c ia l  t e s t s  aim ed to ru le  ou t one 
or th e  o the r  of the  con tend ing  h y p o th e s e s ,  bu t ra th e r  a sy s te m a t ic  
c o l le c t io n  of d a t a , co m p reh en s iv e  enough to  co v e r  th e  im p l ic a ­
t io n s  of p re s e n t  h y p o th e se s  and c o h e re n t  enough to  guard  a g a in s t  
am b ig u i t ie s  in  th e  fu tu re .
In se t t in g  out to  e s t a b l i s h  su ch  a re fe re n ce  s y s te m ,  we 
looked  for a n a tu ra l  an tig en  th a t  i s  re a d i ly  a v a i l a b le ,  s im p le ,
4o ccu rred  in  a la rg e  num ber of v a r ia n t fo rm s , w as e a s y  to  a s s a y ,  
and  co u ld  be te s te d  by m any s e ro lo g ic a l and im m unochem ical 
te c h n iq u e s .  Our c h o ic e  f e l l  on th e  v iru s e s  of in f lu e n z a . There 
a re  a g re a t num ber of s e ro lo g ic a lly  re la te d  s tra in s  w ith in  th is  
g ro u p , a l l  of w h ich  can  be  grow n and a re  be ing  m a in ta in ed  by 
s ta n d a rd  te c h n iq u e s  in  m any la b o ra to r ie s . The e lem en ta ry  
p a r t ic le  is  c h a ra c te r iz e d  by a s in g le  su rfa ce  a n tig e n  
(F azek as  de S t .G r o th ,  1 9 6 2 ), e n te rs  m ost re a c tio n s  know n in  
se ro lo g y  and  can  th u s  be te s te d  by a v a r ie ty  of in  v ivo  and  
in  v itro  m e th o d s . We m ade a po in t of u s in g  s e v e ra l  of th e s e  
m ethods s id e  by  s id e ,  s in c e  som e of them  m easu re  p redom inan tly  
th e  q u a lity  of a n tib o d ie s  w h ile  o th e rs  th e ir  q u an tity ; som e a re  
s e n s i t iv e  to  in h o m o g en e ity  in  the  r e a c ta n t s ,  o th e rs  le s s  so; 
som e are  in f lu e n c e d  by th e  ra te  of a n tig e n -a n tib o d y  c o m b in a tio n , 
w h e rea s  o th e rs  depend  on th e  equ ilib rium  b e tw een  free  and 
com bined  a n tig e n ic  s i t e s .
The f i r s t  p ap ers  of th is  s e r ie s  em ploy th re e  b a s ic  
te c h n iq u e s  in  d e sc r ib in g  th e  tim e c o u rse  of the  immune r e s p o n s e ,  
and  are  c o n c e rn e d  w ith  th e  d ep en d en ce  of th is  re sp o n se  on th e  
ro u te  and s c h e d u le  of v a c c in a t io n ,  a s  w e ll a s  on th e  n a tu re  of
th e  a n tig e n .
5MATERIALS AND METHODS
D ilu e n ts  . C a lc iu m  m agnesium  s a lin e  ,  p repared  
acco rd in g  to  F a z ek a s  de S t .G r o th ,  G raham  and Jack (1958), 
w as u se d  a s  buffered  s a l in e  th ro u g h o u t. The s tan d a rd  m edium  
(SM) u se d  in  in fe c tiv ity  and  n e u tra liz a tio n  te s t s  w as p rep ared  
acco rd in g  to  F azek as  de S t.G ro th  and  W hite (1958).
Virus S tr a in s . The th re e  s tra in s  of in flu en z a  v iru s  
u se d  w ere MEL (B urnet, 1 9 3 5 ), a ty p ic a l  A -s tra in ; LEE (F ra n c is , 
1 940 ), th e  p ro to type  of B -s tra in s ;  and  SW (s tra in  15 of S h o p e ,
1931), th e  c l a s s ic a l  s tra in  of sw in e  in f lu e n z a .
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G row th and c o n c e n tra tio n  of v i ru s .  About 10 I D (^J
of v iru s  w as in o c u la te d  in to  th e  a l la n to ic  c a v ity  of 11-d a y  old  
ch ick  em bryos . After tw o d a y s  * in c u b a tio n  a t  35°C  in  th e  c a s e  
of MEL and SW , and th re e  d a y s  in  th e  c a s e  of LEE, th e  a l la n to ic  
flu id  w as h a rv e s te d  and c o n c e n tra te d  ten fo ld  by one c y c le  of 
ad so rp tio n  and  e lu tio n  from 2 p . c .  hum an red  c e l l s .  The 
co n ce n tra te d  v iru s  s u s p e n s io n s  w ere  p re se rv ed  w ith  0.08%  sodium  
a z id e  and s to red  a t 4 ° C . Such p re p a ra tio n s  m ust h ave  c o n ta in e d , 
a s  co n tam in a tiv e  a n t ig e n s ,  a b o u t o n e - te n th  of th e  n o n -v ira l m a te ria l 
p re sen t in  a lla n to ic  f lu id s ,  a s  w e ll a s  som e c o n s ti tu e n ts  of hum an 
e ry th ro cy te s  le a c h e d  ou t during  th e  p ro c e ss  of a d s o rp tio n -e lu t io n .
6T itra tion  of v i r u s . H aem agg lu tin in  t i t r a t io n s  were 
c a r r ie d  out in  p la s t ic  t ray s  u s in g  5 p . c .  fowl c e l l s  a s  d e sc r ib e d  
by F a z e k a s  de S t .G ro th  and G raham  (1954). Viral in fe c t iv i ty  w as 
a s s a y e d  in  su rv iv ing  p ie c e s  of a l l a n t o i s - o n - s h e l l ,  acco rd ing  to 
th e  m ethod of F a z ek a s  de S t .G ro th  and  W hite  (1958).
P repara tion  of n o n - in f e c t iv e  v a c c in e s .  Three m ethods 
w ere  u s e d  to  a b o l is h  the  in fe c t iv i ty  of v iru s  p re p a ra t io n s .
H e a t  t re a tm en t c o n s i s te d  in  in c u b a t io n  of the  v irus  c o n c e n tra te s  
in  a w a te r  b a th  a t  5 0°C for one hour.
U l t ra v io le t  t re a tm en t w as p re ced ed  by d ia ly s i s  of the  v irus  p re ­
p a ra t io n s  a g a in s t  1000 tim es  th e i r  volum e of buffered  s a l in e  for 
24 h o u rs ,  to  rem ove u ra te s  and o the r  U V -absorb ing  m a te r ia l .
Then 10 ml vo lum es were e x p o se d  in  9 cm d iam e te r  Petri d i s h e s  
for 5 m inu tes  to  the  ra d ia t io n  from a 15 w a tt  P h il l ip s  u l t r a v io le t  
tu b e ,  a t  a d i s ta n c e  of 20 cm . To e n su re  uniform e x p o su re ,  th e  
p rep a ra t io n s  w ere mixed c o n s ta n t ly  w ith  a m agnetic  s t ir re r  during 
i r r a d ia t io n .
For u l t r a v io le t  and form aldehyde t r e a tm e n t , the  U V -trea ted  p re ­
p a ra t io n s  w ere  made up to  a f ina l  c o n c e n tra t io n  of 0 . 03  g/100 ml
7fo rm aldehyde  and k e p t a t  20°C  for 48 h o u rs . R es id u a l fo rm al­
dehy d e  w as rem oved by d ia ly s is  a g a in s t  s e v e ra l  c h a n g e s  of 
b u ffe red  s a l in e .
The v a c c in e s  in a c t iv a te d  by th e  th re e  m ethods d e sc r ib e d  
above  w ere te s te d  for re s id u a l  in fe c t iv e  v iru s  in  p ie c e s  of su rv iv ing  
a l l a n to i s - o n - s h e l l .  As th e  t i t r a t io n s  s ta r te d  w ith  u n d ilu te d  v iru s  
w hose  h aem ag g lu tin in  t i t r e  w as h ig h ,  i t  w as n e c e s s a ry  to  tra n s fe r  
e a c h  egg b i t  a f te r  an  a d so rp tio n  period  of th re e  h o u rs , th u s  avo id ing  
h a em a g g lu tin a tio n  c a u s e d  by u n ab so rb ed  v iru s .  The egg p ie c e s  w ere 
rem oved one by one w ith  f in e  fo r c e p s ,  w ash ed  in  2 .0  ml vo lum es of 
s ta n d a rd  medium and tra n s fe r re d  to  a seco n d  tra y  c o n ta in in g  s tan d a rd  
m edium  and a f re sh ly  c u t egg p ie c e .  In o th e r r e s p e c t s ,  th e  period  
of in c u b a tio n  and th e  sco rin g  of in fe c t iv i ty  w as the  sam e a s  in  
o rthodox  v iru s  a s s a y s .  No in fe c t iv i ty  cou ld  be d e te c te d  by th is  
m ethod in  any  of th e  v a c c in e s .
P rep ara tio n  of a d ju v a n t - v a c c in e s . C o n ce n tra te d  v iru s  
w as m ade up in  SM to  c o n ta in  1 0 ,0 0 0  HA d o se s  per 0 .2 5  m l, i . e . , 
a t  doub le  s tre n g th  com pared  to  th e  s tan d a rd  c o n c e n tra tio n  of 
5 , 0 0 0  HA u n i t s /0 .2 5  ml in  th e  n o n -a d ju v a n t v a c c in e s .  An eq u a l
8volume of F r e u n d 's  in co m p le te  ad ju v an t  (Difco) w as added  to 
th e s e  p r e p a r a t io n s , and  the  m ixture em u ls if ie d  in a VirTis 
hom ogenizer running a t  maximum sp eed  for 5 min a t  0 ° C .  The 
r e s u l ta n t  em u ls io n  w as  s ta b le :  i t  d id  no t  sp read  or s e p a ra te  
when an a l iq u o t  w as d ropped onto  the  su r fa ce  of w a te r .  The 
w a te r - in - o i l  e m u ls io n s  were in je c te d  w ith in  a few  hours  of 
p re p a ra t io n ,  in 0 . 25  ml v o lu m e s .  The d o se  of an tig en  a d m in is ­
te re d  w as th u s  the  sam e a s  g iven  to o the r  g roups of an im a ls  in  
th e  form of a q u eo u s  s u s p e n s io n s .
E xperim enta l a n im a l s . Adult ou tb reed  ra b b i ts  of 
mixed b re e d s  (A ustra lian  w ild ,  Belgian g ia n t ,  and New Z ealand  
white) and  of both  s e x e s  were h o u sed  in  in d iv id u a l  c a g e s  w ith  
u n re s t r ic te d  a c c e s s  to  a p e l le te d  com ple te  d ie t  and  w a te r .  
A dditional g reen  fodder w as fed  3 tim es  a w e e k .
Three ra b b i ts  made up each  t re a tm en t g ro u p . Each of 
th e  an im a ls  w as  b led  two d ay s  before  v a c c in a t io n ,  and a t  
re g u la r  in te rv a ls  th e re a f te r .  About 15 ml of w hole b lood w as  
c o l l e c te d  from th e  ea r  v e in ,  a l low ed  to  c lo t  a t  room tem p era tu re  
and  th e n  in c u b a ted  for 1 hr a t  3 5 °C . The s e p a ra te d  s e ra  were
spun  free  of red blood c e l l s  d is t r ib u te d  in sm all  s c r e w -c a p
9o
c o n ta in e rs  and s to red  a t  -15 C ,  w ithou t p r e s e r v a t iv e .
T itra tion  of a n t ib o d y .
N e u tra l iz a t io n  t e s t s  w ere  c a r r ie d  out acco rd in g  to 
F a z e k a s  de S t .G ro th ,  W ith e l l  and  Lafferty  (1958). N on- 
in a c t iv a te d  se ra  w ere d i lu ted  in  3 .1 6 -fo ld  s te p s  in  1.08 ml 
vo lum es of SM , and c o o led  to  0°C befo re  add ing  0 .0 5  ml of
3
SM co n ta in in g  the  ap p ro p r ia te  d o s e  of v iru s  (be tw een  10 and
4
10 ID j- q) .  The a c tu a l  c o n ce n tra t io n  of v iru s  v a r ie d  from one 
s t ra in  to  the  o th e r ,  bu t w as a lw ay s  c o n s ta n t  for any p a r t ic u la r  
s t r a in .  The v i ru s -s e ru m  m ix tu res  w ere  p re in c u b a te d  for 30 
m inu tes  a t  0°C and then  0 .0 5  ml of e a c h  m ix tu re  w as added  to  
8 r e p l ic a te  c u p s  co n ta in in g  a sq u a re  of a l l a n t o i s - o n - s h e l l  in  
0 .3 5  ml of SM . C o n tro ls  on v i ra l  in fe c t iv i ty  w ere  ca r r ie d  out 
a t  the  beg inn ing  and  end of e a c h  e x p e r im en t .  The t ray s  w ere 
in c u b a te d  for 60-64  hours  a t  3 5 ° C ,  under c o n s ta n t  sh a k in g .
The endpo in t of n e u tra l iz a t io n  w as  ju d g ed  by ag g lu t in a t io n  of one 
drop of 5% fowl red  c e l l s  a t  the  end of th e  in c u b a t io n  p e r io d . 
N eu tra l iz in g  p o te n c ie s  (pN) w ere  c a lc u la te d  acco rd in g  to 
F a z e k a s  de  S t .G ro th  (1961).
A ntihaem agglu tin in  t e s t s  were  perform ed in p la s t ic
t r a y s ,  u s in g  0 .2 5  ml s a l in e  a s  d i lu t io n  v o lu m e ,  4 h a e m a g g lu -
10
tin a t in g  d o s e s  of th e  hom ologous v iru s  a s  an tig e n  and  0 .0 2 5  ml 
5% fowl red  c e l l s  a s  in d ic a to r  (F azekas  de S t .G ro th ,  W ithe ll  
and L affer ty , 1958). The red  c e l l s  u s e d  in the  a n t ih a em ag g lu tin in  
t e s t s  w ere  ta k en  from a s in g le  donor; th is  fowl w as s e le c te d  
from ap p rox im a te ly  100 b ird s  , a s  i t s  red  c e l l s  w ere  found 
in s e n s i t iv e  to  n o n s p e c if ic  in h ib i t io n  w hen t e s t e d  w ith  RDE- 
c i t r a te - 6 5 ° C  tre a te d  norm al ra b b i t  se ru m . All s e ra  were  t re a te d  
by the  m ethod of F a z e k a s  de S t .G ro th  (1949) prior to  th e s e  t e s t s  
to  d e s tro y  n o n sp e c if ic  in h ib i to rs  of h a e m a g g lu t in a t io n .
C om plem ent f ix a t io n  t e s t s  fo llow ed  the  overn igh t pro­
cedure  of F az ek a s  de S t .G r o th ,  Graham and Jack (1958). Sera 
in a c t iv a te d  a s  for an tih aem a g g lu t in in  t e s t s  , w ere  d i lu te d  in 
0 .25  ml vo lum es of C a - M g - s a l i n e . Then a s tan d a rd  drop (0 .025  
ml) co n ta in in g  8 u n its  of a n t ig e n  and  3 H D ^  of com plem ent w as 
added  to  e a c h  c u p ,  and  the  t ra y s  in c u b a te d  a t  4°C  for 16-20 h r .  
The fo llow ing morning a s tan d a rd  drop co n ta in in g  4% w ash ed  
sh ee p  e ry th ro c y te s  s e n s i t i z e d  w ith 4 HD j_q of h a em o ly s in  w as  
a d d e d ,  and the  t ra y s  p la ce d  for 2 hr on a shak ing  m ach ine  a t  
3 5 °C . The p a tte rn  of s e t t l e d  c e l l s  w as read  to  ju d g e  the  d eg re e  
of h a e m o ly s i s ,  50% ly s i s  marking the  e n d p o in t .
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EXPERIMENTAL
G e n e ra l  E xperim enta l D e s ig n .
The f i r s t  s e r ie s  of ex p er im en ts  so ugh t to  e s t a b l i s h  th e  
r a te  and  ex ten t  of an tibody  p roduction  a f te r  primary and a n am n e s t ic  
s t im u li  o f  v a rio u s  k i n d s . The a n t ig e n ic  d o se  c h o se n  w as su ch  
t h a t ,  g iv en  in t r a v e n o u s ly ,  i t  would e l i c i t  m axim al p roduction  of 
a n t ib o d y ,  i . e .  , doubling  or quadrup ling  the  d o se  did no t a l te r  
th e  immune r e s p o n s e .  The following fac to rs  w ere  v a r ie d  in  th is  
s e t  of ex per im en ts :
A n tig e n s . The th ree  s t r a in s  of in f lu en z a  v iru s  d iffe r  
in  th e i r  su r fa ce  a n t ig e n s ,  MEL and SW showing some c ro s s e d  
r e a c t io n s  by a l l  s e ro lo g ic a l  m e th o d s ,  w h ile  LEE i s  a n t ig e n ic a l ly  
d i s t i n c t  from b o th .  The d o se  of v iru s  a d m in is te red  under e a c h  
s c h e d u le  w as  the  sam e in  term s of h aem ag g lu tin in ;  and s in c e  
th e  r a t io  of haem ag g lu tin a tin g  u n i ts  to  e le c t ro n m ic ro sc o p ic a l ly  
v i s ib l e  p a r t ic le s  i s  p ra c t ic a l ly  th e  sam e for t h e s e  th ree  s t r a i n s ,  
th e  a b s o lu te  d o se  of an tig en  re c e iv e d  w ill  a l s o  b e  very  c lo s e  
to  id e n t i c a l .
Routes of v a c c in a t io n .  The im m unizing d o s e ,  a lw ay s
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c o n ta in ed  in  0 .2 5  ml of s tan d a rd  m edium , w as in o c u la ted  e i th e r  
in tr a v e n o u s ly  in to  th e  m arg ina l ve in  of the  e a r ,  or in tr a p e r i to n e a l ly  
th rough  the  la te r a l  s id e  of the  r e c tu s  a b d o m in is , or su b c u ta n e o u s ly  
over th e  lum bar r e g io n .  W a te r - in - o i l - e m u ls io n s  of the  a n t ig e n s  
were in je c te d  in t r a m u s c u la r ly , in to  the  g lu ta e u s  m u s c l e s .
S ch e d u le s  of in o c u la t io n . Under th is  h e a d in g ,  two 
s e p a ra te  s e t s  of fa c to rs  w ere  com pared: th e  e f fe c t  of s in g le  or 
m u ltip le  i n j e c t i o n s ,  and the  e f fe c t  of ad m in is t ra t io n  of the  
a n t ig e n s  in  an  aq u eo u s  s u sp e n s io n  or a s  an  em uls ion  of w a te r -  
i n - o i l  . The four Groups re fe rred  to  in the  T ab les  and F igures  are  
the  o r thogona l a rrangem en t of th e s e  f a c to r s .  T h u s ,  Group I = 
s in g le  d o se  of a n t ig e n ,  w ithou t ad juvan t;  Group II = m ultip le  
d o s e s  of a n t ig e n ,  w ithou t ad juvan t;  Group III = s in g le  d o se  of 
a n t ig e n ,  in  ad juvan t;  Group IV = m ultip le  d o s e s  of a n t ig e n ,  of 
w h ich  th e  f i r s t  w as  in  a d ju v a n t .
T im ing . The ex p er im en ts  s ta r t  w ith  th e  a d m in is tra t io n  of 
the  f i r s t  d o se  of a n t ig e n ,  and  the  primary r e s p o n s e  w as  fo llow ed  
over th e  s u b s e q u e n t '40 d a y s .  The sec o n d a ry  d o s e  (or d o se s )  of 
a n t ig e n  w ere  g iv en  on day  40 (or s ta r t in g  w ith  day  4 0 ,  in th e  c a s e  
of m u ltip le  in j e c t io n s ) ,  and th e  s ix  sam p les  of serum o b ta in ed  over the
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40 to  60 day  period c o n s t i tu te  the  seco n d a ry  r e s p o n s e . The 
th ird  in o c u la t io n  (or s e t  of in o cu la t io n s )  s ta r te d  on day  60 , and  
th u s  the  s e ra  c o l le c te d  a f te r  th is  time make up th e  te r t ia ry  
r e s p o n s e .
The g en e ra l  schem e of the  experim en t i s  s e t  ou t in
Table 1.
(Table 1)
E v a lu a t io n . All serum sam p les  were s to red  u n ti l  the  
c o n c lu s io n  of an ex p e r im en t ,  and then  te s t e d  by th ree  s e ro lo g ic a l  
m e th o d s .  Such m u lt ip l ic a t io n  of labour w as deem ed n e c e s s a r y  
no t only to  in c r e a s e  a c c u ra c y  b u t ,  m a in ly ,  to  find out w he ther  a 
com bina tion  of a s s a y  te c h n iq u e s  would y ie ld  inform ation  by w hich  
the  q u a l i ty  and q u a n t i ty  of a n t ib o d ie s  cou ld  be  a s s e s s e d  s e p a r a te ly .  
Although e a c h  of the  th ree  t e s t s  em ployed d e p en d s  on th e  in te r ­
a c t io n  of the  sam e a n t ig e n -a n t ib o d y  s y s te m ,  th ey  d iffer  in s e n s i ­
t iv i ty  and fa l l  in to  two groups  w ith  fu n dam en ta l ly  d iffe ren t 
m e c h a n is m s .  C om plem ent f ix a t io n  t e s t s  a re  b in a ry  in  c h a ra c te r  
and  work a t  re la t iv e ly  h igh  c o n c e n tra t io n s  of an tig e n  and an t ib o d y ,  
th u s  the  outcom e w ill r e s t  e s s e n t i a l l y  on th e  q u an t i ty  of an tibody  
p r e s e n t ,  w he ther  th e  b inding  b e tw ee n  the  two r e a c ta n ts  is  firm
TABLE I
Grouping of Rabbi ts  for V acc ina t ion
Schedule
of
Inocula
Adminis- In t ravenous In t rape r i tonea l S u b cu tan eo u s
t ra t ion
Primary Secondary Tert iary Primary Secondary Tertiary Primary Secondary Tertiary
Group I 
( s in g le -  
aqueous)
0 40 60 0 40 60 0 40 60
Group II 
(mul t ip le -  
aqueous)
0 , 2 , 4 , 7 , 9 , 1 1 4 0 , 4 2 , 4 4 6 0 , 6 2 , 6 4 0 , 2 , 4 , 7 , 9 , 1 1  4(1 ,4 2 ,4 4  6 0 , 6 2 , 6 4 0 , 2 , 4 , 7 , 9 , 1 1 4 0 , 4 2 , 4 4 6 0 , 6 2 , 6 4
Group III 
( s in g le ­
adjuvant)
0*
»
40 60 0* 40 60 0* 40 60
Group IV 
(multi pie  -  
ad juvant)
0 * 2 , 4 , 7 , 9 , 1 1 4 0 , 4 2 , 4 4 6 0 , 6 2 , 6 4 0 ^ 2 , 4 , 7 , 9 , 1 1  4(1 ,4 2 ,4 4  6 0 , 6 2 , 6 4 0 ^ 2 , 4 , 7 , 9 , 1 1 4 0 , 4 2 , 4 4 6 0 , 6 2 , 6 4
The f igu res  show  the  d a y s  on which  the  th ree  r a b b i t s  of a group r e c e i v e d  5 ,0 0 0  haem agg lu t ina t ing  
d o s e s  of e i th e r  MEL, LEE or SW in f lu en za  v i r u s .
* R ece ived  an t ig e n  in  F r u e n d ' s  incom ple te  a d ju v a n t  (Difco) by th e  in t r am u s c u la r  r o u te .
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or n o t (F azek as  de S t .G ro th , 1962). Both th e  a n tih a e m - 
a g g lu tin in  t e s t  and  n e u tra liz a tio n  a s s a y s  a re  co m p e titiv e : 
th e  v iru s  i s  d is tr ib u te d  b e tw ee n  an tib o d y  and  an  in d ic a to r  
com ponen t (the red  c e l l  in  th e  f i r s t  c a s e  and  th e  in fe c tib le  
h o s t c e l l  in  th e  s e c o n d ) . S in ce  a n tih a e m a g g lu tin in  t e s t s  
o p e ra te  a t  c o n c e n tra tio n s  of a n tig e n  c lo s e  to  th e  v a lu e  of th e  
equ ilib riu m  c o n s ta n t of th e  v iru s -a n tib o d y  in te ra c t io n  
(F azek as  de S t.G ro th  and  W e b s te r , 1962), th e  q u a li ty  of a n t i ­
body w ill c o n tr ib u te  l e s s  s ig n if ic a n tly  to  th e  r e s u l ts  th an  in  
th e  c a s e  of n e u tra liz a tio n  w here th e  c o n c e n tra tio n  of th e  t e s t -  
a n tig e n  is  s e v e ra l  o rd ers  of m agn itude  b e lo w  th e  equ ilib rium  
c o n s ta n t of ev en  th e  m ost firm ly b ind ing  frac tio n  of th e  an tib o d y  
p o p u la tio n . I t  sh o u ld  be e x p e c te d  th e re fo re  th a t  th e  ra tio  of 
an tib o d y  t i t r e s  o b ta in e d  by th e s e  th re e  te c h n iq u e s  w ould ch an g e  
w h en ev er th e  q u a lity  of an tib o d y  c h a n g e s ,  w h ile  th e  a b so lu te  
m agn itude  of th e  t i t r e s  w ould b e  m ore c lo s e ly  r e la te d  to  th e  
q u a n tity  of an tib o d y  in  th e  t e s t  s a m p le s , a lth o u g h  n o t l in e a r ly .
The f i r s t  p ap er d e a ls  w ith  th e  n e u tra liz in g  pow er of
to
a n t is e ra  p roduced  in  re s p o n s e /th e  v a rio u s  a n tig e n ic  s t im u li .
The o b se rv ed  t i t r e s  a re  tran sfo rm ed  in to  'n e u tr a l iz in g  p o ten c ie s*
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or pN (F azekas  de S t .G ro th ,  1961), bo th  to ren d e r  the  r e s u l t s  
in d e p e n d e n t  of the  d o s e  of v iru s  u s e d  in  th e ir  d e te rm in a t io n ,  
and  to  a l lo w  a b so lu te  co m p ar iso n s  b e tw ee n  s t r a in s ,  i . e .  , 
e v a lu a t io n  of a n t ig e n ic  p o te n c i e s .  After p re sen tin g  a s e t  of 
p re lim inary  e x p e r im e n ts ,  c a r r ie d  out to  t e s t  some te c h n ic a l  
a s p e c t s  of d e s ig n  and  m ethod , the  r e s u l t s  w ill  be  g iv en  in 
d e t a i l ,  fo llow ed  by d i s c u s s io n  of p o in ts  r e le v a n t  to  n e u t r a l iz a ­
t io n .  C om parison  of the  inform ation  o b ta in ed  by u se  of the  
th re e  d if fe ren t  te c h n iq u e s  of a s s a y  w ill  fo llow  la t e r .
S ta b i l i ty  of r e a g e n t s .
Before th e  r e s u l t s  o b ta in ed  in  a s tu d y  ex tend ing  over 
s e v e ra l  y e a r s  can  be  le g i t im a te ly  c o m p ared , i t  i s  n e c e s s a r y  to 
d em o n s tra te  th a t  the  re a g e n ts  rem a in ed  u n ch an g ed  over the  
period  of o b s e r v a t io n s .
A ntisera  are  u s u a l ly  a s su m e d  to  be s ta b le  when s to red  
in  th e  frozen  s ta t e ;  to  fu rn ish  formal e v id en c e  on th is  p o in t ,  a 
s e t  of s e r a ,  one a g a in s t  e ac h  of the  th ree  s t r a in s  of in f lu en za  
v iru s  u se d  in  th e s e  s tu d i e s ,  w as  t e s t e d  for n e u tra l iz in g  po tency  
over a sp an  of two y e a rs  (Table 2).
(Table 2)
TABLE 2
The S tab il i ty  of Antibody
The n e u tra l iz in g  p o te n c ie s  of th ree  hyperim m une 
a n t i s e r a  to  3 s t ra in s  of in f lu en z a  v iru s  c o l le c te d  from exper im en ts  
c a r r ie d  ou t on s in g le  b a tc h e s  of a n t i s e ra  th a t  had  been  frozen  and 
th aw ed  a t  ir reg u la r  in te rv a ls  over two y e a r s . The Table g iv e s  the  
m ean n e u tra l iz in g  p o te n c ie s  and the  s tan d a rd  errors  for two periods  
of 3 m onths during the  2 y e a r  pe rio d .
A ntisera N eu tra liz ing  Po tency  
1960 1962
anti-LEE 4 .5 1  ± 0 .0 4  4 .5 8  ± 0 .0 3
a n t i -S W 4 .7 9  ± 0 .0 4  4 .8 5  ± 0 .0 3
an ti-M E L 4 .3 1  ± 0 .0 6  4 . 2 7  ± 0 . 06
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E v id en tly ,  s to ra g e  a t  -1 5 °C , ev en  w ith  f requen t 
thaw ing  and  r e - f r e e z in g ,  d o es  not a l te r  the  n e u tra l iz in g  
p o te n c ie s  of a n t i s e r a .  S im ilar con tro l  t e s t s ,  u s in g  a n t ih a e m -  
a g g lu t in in  or com plem ent f ixa tion  t e s t s  a s  m ethods of a s s a y ,  
g a v e  th e  sam e a n sw e r .
The in fe c t iv i ty  of in f lu en za  v iru s  p rep a ra t io n s  s to red  
a t  -7 0 ° C  d o es  not ch ange  over a period  of two y e a r s  a s  h a s  been  
d e m o n s tra ted  e l s e w h e re ,  u s ing  the  sam e p re p a ra t io n s  of v iru s  a s  
in  the  p re s e n t  s tudy  (F azekas  de S t .G ro th  and W e b s te r ,  1962). 
The haem ag g lu tin in  of in f lu en za  v iru s  e lu a te s  s to red  a t  4°C  w ith  
0 .08%  sodium a z id e  a s  p re se rv a t iv e  h a s  b een  t e s t e d  over a 
s im ila r  period  a n d ,  provided  the  v iru s  is  s to red  in  d e te rg e n t - f r e e  
g l a s s w a r e ,  the  haem ag g lu tin in  t i t r e s  rem ain  unch an g ed  over a t  
l e a s t  2 y e a r s .
The r e s p o n s e  to  l iv e  and k i l le d  in f lu en z a  v a c c i n e s .
It  i s  g e n e ra l ly  a ssu m e d  th a t  in f lu en z a  v i ru s e s  do not 
m ultip ly  in  the  ra b b i t ,  i . e .  , th a t  th e s e  v i ru s e s  c an  be  looked 
upon a s  in e r t  a n t ig e n s  in  th is  a n im a l .  H o w ev er ,  a s  some of 
th e  ex per im en ts  in th is  s e r ie s  are  b a s e d  upon the  in f lu en c e  of 
a n t ig e n ic  d o se  on the  immune r e s p o n s e ,  and  th e  r e s u l t s  a re
in te rp re te d  in  te rm s of in f lu en z a  v i ru s e s  no t m ultip ly ing  in  the
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r a b b i t ,  i t  i s  e s s e n t i a l  to  e s t a b l i s h  a t  th e  o u ts e t  w he ther  or not 
th i s  i s  s o .
Four groups of two ra b b i ts  e a c h  w ere v a c c in a te d  by the  
in tr a v e n o u s  rou te  w ith 5 ,000 h a em a g g lu tin a tin g  d o s e s  of SW 
in f lu e n z a  v i r u s . The f i r s t  group re c e iv e d  in fe c t iv e  v iru s  e l u a t e , 
th e  se c o n d  h e a t  in a c t iv a te d  v iru s  , th e  th ird  u l t r a v io le t - t r e a te d  v irus  
and  th e  fourth  form aldehyde and  u l t r a v io le t - t r e a te d  v i r u s . All 
r a b b i ts  w ere  b led  prior to  v a c c in a t io n  and a t  in te rv a ls  th e re a f te r ,  
th e  s e ra  c o l le c te d  and t e s t e d  for a n t ih a em a g g lu t in in  a f te r  the  co n ­
c lu s io n  of the  e x p er im en t .  The r e s u l t s  a re  p re s e n te d  in  Figure 1. 
The an tib o d y  r e s p o n s e s  are  s e e n  to  be  id e n t ic a l  w ith in  s t a t i s t i c a l
(Figure 1)
v a r ia t io n  in  a l l  four g r o u p s . This ex p er im en t c le a r ly  show s th a t  
i t  m akes no d if fe ren ce  w hether in fe c t iv e  or n o n - in fe c t iv e  v irus  is  
u s e d  a s  an tig e n  in the  r a b b i t .  A ccord ing ly , th e  v iru s  e lu a te s  w ere  
a d m in is te re d  in a l l  following ex p er im en ts  a s  im m unizing a n t i g e n s , 
w ithou t any  fu r ther t re a tm e n t .
The production  of n eu tra l iz in g  a n t ib o d y .
Each of th e  exper im en ts  to  be  shown in  th e  F igures  of
th is  and the  su b se q u e n t  two papers  w as perform ed on 36 ra b b i ts  ,
O Heat Inactivated Virus 
ö  U. V. Inactivated Virus
O U V. and Formaldehyde 
Inactivated Virus
DAYS AFTER VA CC IN A TIO N
FIGURE 1. The an tib o d y  re s p o n s e  of th e  ra b b it to  liv e  and 
k il le d  in flu en z a  v a c c in e s .
Each p o in t re p re s e n ts  th e  g eo m etric  m ean ti t r e  of a
group of tw o ra b b its
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3 a n im a ls  to  e a c h  of the  12 t r e a tm e n ts .  After com ple tion  of a 
c o u rs e  of in je c t io n s  and b le e d in g s  th e  se ra  were a s s a y e d  in 
o rth o g o n a l  g ro u p s ,  a lw ay s  in  m u lt ip le s  of 12, n e u tra l iz a t io n  
t e s t s  w ere  u s u a l ly  done in  s e t s  of 7 2 per d a y .  The in h e re n t  
error of a s in g le  t i t r a t io n  is  ± 0.118 (F azek as  de S t .G ro th ,
W ith e ll  and  L afferty , 1958). For d e te rm in a tio n  of the  maximum 
le v e l s  of an tibody  p roduction  th ree  or four s u c c e s s iv e  b le ed in g s  
w ere u s e d  and the  a v e rag e  of th e s e  w as  bound to carry  s tan d a rd  
d e v ia t io n s  of ± 0 .2 4 6  for MEL, ± 0 .2 6 7  for LEE and ± 0 .3 3 5  for 
SW v irus  and  th e ir  r e s p e c t iv e  a n t ib o d ie s .  The r a te s  of an tibody  
p roduc tion  w ere e s t im a te d  by f i t t ing  s t r a ig h t  l in e s  to  3 or 4 po in ts  
on the  r is in g  s e c t io n s  of e a c h  r e s p o n s e  c u rv e ,  w ith  an a c c u ra cy  
of ±0.010 for MEL, ± 0 .0 0 7  for LEE and  ± 0.011 for SW , in  l o g ^  
u n i ts  per d a y , i . e . , an  u n c e r ta in ty  of ± 3 .3%  , ± 2 . 3 %  and ±3.7% 
in  th e  e s t im a te d  doubling  t im e s .
Both th e s e  e s t im a t io n s  and  the  co m parison  of s ta r t in g  
t im e s ,  r a te s  of p roduction  and  maximum le v e ls  a t ta in e d  were 
ca r r ie d  ou t by programming a d ig i ta l  com puter to  perform the  
req u ired  a n a ly s e s  of v a r ia n c e  and c o v a r ia n c e ,  and  to  com pute 
a l l  the  m eans  and  s ta n d a rd  e rrors  to  a p p e a r  in th is  and  su b se q u e n t
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p ap ers  . The a n a ly s e s  were nonorthogonal due to s e r ia l  
c o r re la t io n  of the  p rim ary , seco n d a ry  and te r t ia ry  an tibody  
r e s p o n s e s  (which w ere m easu red  on the  sam e a n im a l s ) , and 
due  to  some m iss in g  e n tr ie s  (6 out of 108 an im a ls  d ied  during 
th e  c o u rse  of th e  exper im en ts  by m is a d v e n tu r e ) . The n o n ­
o r th o g o n a li ty  h a s  b e en  a llo w ed  for w hen com puting v a r ia n c e s  
and  c o v a r i a n c e s .
The immune re s p o n se  to  the  12 te s t - t r e a tm e n t s  is  
g iv en  s e p a ra te ly  for the  th ree  s t ra in s  of v iru s  u sed  a s  a n t ig e n s .  
Each po in t r e p re s e n ts  th e  g eo m etr ic  m ean t i t r e  of a group of 3 
ra b b i ts ;  the  cu rv es  were f i t ted  by e y e .  To en ab le  co m p ar iso n s  
b e tw ee n  the  v a rious  t r e a tm e n t s , a number of T ab les  have  been  
p re p a red ,  g iving in summary form the  r e s u l t s  of th e  s t a t i s t i c a l  
c a l c u l a t i o n s .
(Figure 2)
(Figure 3)
(Figure 4)
(Table 3)
(Table 4)
(Table 5)
FIGURE 2 . The an tibody  r e s p o n s e  of ra b b i ts  to  a type  A in f lu en za
v iru s  (MEL), a s  m easu red  by n e u tra l iz in g  p o te n c y .
Antibody t i t r e s  are  e x p re s s e d  in  l o g ^  u n i ts  per 1 .0  ml 
vo lum es of se rum . Each po in t r e p re s e n ts  th e  g eom etr ic  m ean t i t re  
of a group of th ree  r a b b i t s .
S ch ed u les  of v acc in a t io n :
Group I: Aqueous v a c c in e  on d ay s  0 , 40 and 60 , by the  rou te
in d ic a te d  on the  f ig u r e s .
Group II: Aqueous v a c c in e  on d ay s  0 , 2 ,  4 , 7 , 9 , l i a s  primary
s t im u lu s ,  on days  4 0 ,  4 2 ,  44 a s  s eco n d a ry  and  on d ay s  6 0 , 62 , 64 
a s  te r t ia ry  s t im u lu s .
Group III: V accine  in  inco m p le te  F r e u n d 's  ad ju v an t  in t r a ­
m u scu la r ly  on day  0 , aq u eo u s  v a c c in e  on d a y s  40 and 6 0 , by the  
ro u te s  in d ic a te d  on the  f ig u r e s .
Group IV: V acc ine  in  incom ple te  F r e u n d 's  ad ju v an t  i n t r a ­
m u scu la r ly  on day  0 , fo llow ed by aq u eo u s  v a c c in e  on d ay s  2 , 4 ,
7 , 9 , 11 a s  primary s t im u lu s , by th e  ro u te s  in d ic a te d  on th e  
f ig u r e s .  The sec o n d a ry  and te r t ia ry  c o u r s e s  of v a c c in a t io n  were 
the  sam e a s  for the  co rre sp o n d in g  s u b - s e t s  of Group II.
Each inocu lum  of v a c c in e  c o n ta in e d  5 ,000 h a e m a g g lu t in a -  
t ing  u n its  of v irus  (approx im ate ly  10^ p a r t i c l e s ,  or 0 .0 6  mg).
! «
DAYS AFTER V A C O  N A T IO N
DAYS AFTER V A C C IN A T IO N DAYS AFTER V A C C IN A T IO N
FIGURE 3 . The an tibody  r e s p o n s e  of ra b b i ts  to  a type  B
in f lu en z a  v irus  (LEE), a s  m easu red  by n e u tra l iz in g  p o tency
DAYS AFTER VACO NATION DAYS AF TER VACCINATION DAYS AF TER VACCINATION
FIGURE 4 . The an tibody  re s p o n se  of ra b b its  to  sw ine  
in f lu e n z a  v iru s  (SW ), a s  m easu red  by n e u tra liz in g  p o tency
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TABLE IV
The r a t e  of n e u t ra l i z in g  an t ib o d y  product ion
Vaccina t ing S chedu le Primary R esponse Secondary  R esp o n se Tert iary  R esponse
s t ra in of
of A dm inis - i n t r a - i n t r a - s u b - i n t r a - i n t r a - s u b — i n t r a - i n t r a - s u b -
virus t ra t ion venous p e r i to n e a l c u tan e o u s ven o u s p e r i to n e a l c u ta n e o u s ven o u s pe r i to n ea l c u tan e o u s
Group I 0 .6 6 0 .1 2 0 .0 7 0 .3 9 0 .2 6 0 .1 4 0 .0 0 0 .15 0 .1 8
MEL Group II 0 .7 3 0 .25 0 .1 9 0 .2 7 0 .25 0 .1 0 0 .0 0 0 .0 2 0 .0 0Group III 0 .1 7 0 .1 4 0 .1 8 0 .1 8 0 .11 0 .0 2 0 .0 0 0 .0 6 0 .1 0
Group IV 0 .2 0 0 .1 6 0 .0 4 0 .1 9 0 .28 0 .0 7 0 .0 0 0 .0 4 0 .0 9
Group I 0 .0 7 0 .0 5 0 .05 0 .2 7 0 .34 0 .2 3 0 .15 0 .03 0 .1 3
LEE Group II 0 .2 0 0 .0 7 0 .05 0 .2 6 0 .28 0 .1 2 0 .1 0 0 .0 9 0 .0 0Group III 0 .05 0 .0 6 0 .0 9 0 .2 2 0 .31 0 .0 4 0 .08 0 .07 0 .1 2
Group IV 0 .0 2 0 .0 3 0 .0 9 0 .2 6 0 .21 0 .07 0 .0 0 0 .0 7 0 .0 0
Group I 0 .7 6 0 .1 8 0 .15 0 .0 2 0 .1 2 0 .0 6 0 .0 0 0 .0 3 0 .0 0
SW Group II 0 .7 0 0 .2 6 0 .2 2 0 .0 8 0 .25 0 .1 6 0 .01 0 .0 0 0 .01Group III 0 .0 8 0 .0 7 0 .07 0 .3 6 0 .21 0 .1 3 0 .0 4 0 .0 2 0 .1 6
Group IV 0 .0 9 0 .0 7 0 .0 6 0 .3 9 0 .0 2 0 .1 7 0 .0 3 0 .0 0 0 .0 7
The f igures  show  th e  l o g ^  s l o p e s  f i t ted  to the  s t e e p e s t  port ions  of the  r e s p e c t i v e  t im e - lo g  r e s p o n s e  c u r v e s ,  
b a s e d  on the  geom et r ic  mean  n e u t ra l i z in g  an t ibody  t i t r e s  from groups  of 3 r a b b i t s .  The s c h e d u l e s  of v a c c in a t io n
a re  s e t  out  in  Table  I
TABLE V
Maximum le v e l s  of n e u t r a l i z in g  an t ibody
Vaccina t ing S chedu le Primary R esponse Secondary  R esp o n se Tert iary  R esponse
s t ra in of
of A dm inis - i n t r a - i n t r a - s u b - i n t r a - in t r a - s u b - i n t r a - i n t r a - s u b -
virus t ra t io n ven o u s p e r i to n e a l c u tan e o u s venous p e r i tonea l c u tan e o u s venous pe r i to n ea l c u ta n e o u s
Group I 4 .2 2 3 .0 7 3 .1 3 5 .2 9 4 .3 0 3 .81 5 .0 6 4 .5 1 3 .9 9
MEL Group II 4 .6 3 4 .7 9 3 .91 5 .2 6 5 . 3 0 4 .3 7 4 .8 5 5 .3 9 4 . 5 0
Group III 4 .3 0 4 . 9 0 4 .3 8 5 .1 1 5 .0 8 4 .4 7 4 . 7 9 4 .9 5 4 .4 7
Group IV 4 .6 3 4 .2 5 4 .0 5 5 .59 5 .2 6 4 .4 4 5 .3 3 5 .0 5 4 .3 9
Group I 3 .5 9 3 .2 7 3 .07 4 .4 8 4 .6 1 3 .6 9 4 . 4 2 4 .2 2 3 .8 2
LEE Group II 4 .4 2 3 .6 3 3 .1 5 4 . 9 2 4 .7 3 4 .0 4 4 . 8 0 4 .5 6 4 .0 1Group III 3 .7 5 3 .3 4 3 .7 4 4 .4 6 4 .3 9 3 .8 9 4 .3 1 4 . 1 4 3 .9 6
Group IV 3 .5 2 3 .3 0 3 .6 3 4 . 8 4 4 .1 6 4 .1 7 4 .5 5 4 .5 2 3 .9 7
Group I 4 .7 8 3 .6 0 3 .8 8 5 .2 6 3 .9 9 3 .7 5 5 .3 1 4 .4 1 3 .7 5
SW Group II 5 .0 6 4 .5 1 4 .0 7 5 .3 1 5 .3 9 4 .5 4 5 .1 3 5 .1 8 4 . 5 6Group III 3 .2 0 3 .4 9 2 .8 7 5 . 0 0 4 .6 0 3 .7 2 4 .8 5 4 .4 4 3 .6 8
Group IV 2 .7 9 3 .3 1 2 .95 4 . 8 3 4 .4 5 3 .8 9 4 .6 0 4 .6 8 4 . 4 0
The f igu res  sh o w  the  mean  n e u t r a l i z in g  po tency  (pN) of groups of 3 r a b b i t s ,  a v e rag ed  for a t  l e a s t  th ree  
d e te r m in a t io n s  over  10 d ay s  during the  peak  of an t ib o d y  p roduc t ion .  The s c h e d u le s  of v a c c in a t io n  a re
s e t  ou t  in  Table  I
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DISCUSSION
All a n a ly s e s  of v a r ia n c e  and  c o v a r ia n c e  show ed  s ig n i­
f ic a n t d if fe re n c e s  b e tw ee n  th e  im m une re s p o n se  of ra b b its  w ith in  
e a c h  tre a tm e n t g ro u p . S ince  g e n e tic  v a r ia tio n  of th is  k in d  cou ld  
no t h av e  b een  s tu d ie d  e f fe c t iv e ly  on g roups of th e  s iz e  u s e d  in  
th e  ex p erim en ts  and  on a n im a ls  b red  w ith o u t any  s e le c t io n ,  th is  
fa c to r  w as e lim in a te d  from a ll  co m p ariso n s  by poo ling  th e  erro r 
sum  of sq u a re s  w ith  a l l  in te ra c t io n  sum s of sq u a re s  c o n ta in in g  
d if fe re n c e s  b e tw ee n  ra b b its  a s  f a c to r s .  As a r e s u l t ,  th e  erro r 
v a r ia n c e s  w ere in c re a s e d  by  a fa c to r  of 2 .3 3  in  th e  e v a lu a tio n  of 
th e  le v e ls  of an tib o d y  p ro d u c tio n , by 1 .24  in  th e  co m p ariso n  of 
s ta r t in g  t im e s ,  and  by 1 .42 in  com paring  th e  r a te s  of in c re a s e  in  
n e u tra liz in g  a n tib o d y . T h ese  fa c to rs  show  a ls o  th a t  th e  ra b b its  
d iffe red  c o n s id e ra b ly  in  th e  am ount of an tib o d y  p ro d u c e d , le s s  
so  in  th e  ra te  of p ro d u c tio n , an d  h a rd ly  a t  a l l  in  th e  lag  period  
p reced in g  th e  a p p e a ra n c e  of n ew ly  form ed a n tib o d y . I t  sh o u ld  be 
ad d ed  th a t  a l l  of th e  s ig n if ic a n t  v a r ia n c e  ra t io s  due to  th e  m ain 
c o n tra s ts  rem a in ed  s ig n if ic a n t a t  th e  1% le v e l ev en  a f te r  in c re a s in g  
th e  erro r v a r ia n c e .
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The Primary R esponse
All t i t r a t io n s  were s ta r te d  a t  serum  d i lu t io n s  of 1 : 3 .1 6 .  
At th is  le v e l  a l l  normal se ra  g av e  n e g a t iv e  r e s u l t s  w ith  MEL and 
SW a n t ig e n s ,  bu t were  found to  n e u t ra l iz e  LEE v iru s ;  in  f a c t ,  
th e  p re -v a c c in a t io n  b le e d s  a g a in s t  th is  s t r a in  v a r ied  in  t i t r e  
b e tw e e n  1:5 to  1 :20 . T h u s ,  the  primary re s p o n se  a g a in s t  LEE 
co u ld  only  be fo llow ed  over a som ew hat narrow er range  than  
a g a in s t  th e  o ther two s t r a in s .  This background  w ill  no t in f lu en ce  
e s t im a te s  of the  maximum an tibody  le v e l s  a t t a in e d ,  bu t may m ask 
th e  true  s ta r t in g  time and a p p a ren tly  f la t te n  th e  ra te  of in i t ia l  
p ro d u c t io n .
In trav en o u s  a d m in is t r a t io n .
S ingle  i n je c t io n s .  W ith th e  la rge  d o se  of an tig e n  u se d  
in  th is  s tu d y ,  the  f i r s t  r i s e  of an tib o d y  t i t r e  ( i . e .  , in i t ia l  
a p p e a ra n c e  of an tibody  a g a in s t  MEL and SW, and p a s s in g  of the  
n o n s p e c if ic  b a s e l in e  for LEE) w as d e te c te d  b e tw een  d ay s  2 and 
3 a f te r  v a c c in a t io n .  This ho ld s  both  a f te r  a q u eo u s  and  w a te r - in -  
o il  v a c c in e s  for MEL, bu t LEE and e s p e c ia l l y  SW a d ju v a n t -  
v a c c in e s  e l i c i t  an an tibody  re s p o n s e  th a t  i s  s ig n i f ic a n t ly  d e lay e d  
in  com parison  to  th e  r e s p o n s e  to  w a te ry  s u s p e n s io n s  of a n t ig e n .
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The ra te  of an tibody  p roduction  is  c o n s i s te n t ly  h igher 
fo llow ing  s im ple  v a c c in e s  than  a f te r  ad ju v an t  v a c c in e s .  In th e  
c a s e  of MEL and SW, w here  the  e s t im a te s  are  no t b ia s s e d  by a 
n o n - s p e c i f ic  b a s e l i n e ,  th e  in i t ia l  r a te s  are  0 .6 6  and 0 .7 6  l o g ^  
u n i ts  per day  or doubling t im es  of 0 .4 5  and 0 .4 0  d ay s  r e s p e c t ­
iv e ly .  The co rrespond ing  f igu res  a f te r  a d ju v a n t -v a c c in e s  are 
0.18 and  0 .0 8  l o g ^  u n its  per d a y ,  or doubling  t im es  of 1.78 and 
3 .6 6  d a y s ,  r e s p e c t iv e ly .
The maximum le v e l s  a t ta in e d  a f te r  s im ple  and a d ju v a n t -  
v a c c in e s  are  id e n t ic a l  w ith in  s t a t i s t i c a l  v a r ia t io n ,  in  th e  c a s e  
of both  MEL and LEE, in sp i te  of the  d iffe ren t s ta r t in g  t im es  and 
r a te s  of p ro d u c tio n . H ow ever, the  r e s p o n s e  to  an  aq u eo u s  s u s ­
p e n s io n  of SW v irus  is  s ig n if ic a n t ly  h igher  than  to th e  sam e d o se  
g iv en  in a d ju v a n t .
M u ltip le  i n j e c t i o n s . The r e s p o n s e s  a re  m easu rab le  
from the  seco n d  day  onw ards a f te r  m ultip le  in je c t io n s  of the  
s im ple  v a c c i n e s , the  e x ce p t io n s  be ing  the  sam e a s  a f te r  s in g le  
in j e c t i o n s ,  v i z . ,  LEE a n d ,  e s p e c i a l l y ,  SW in  a d ju v a n t .  The 
d e la y  here  i s  ev en  more s u rp r i s in g ,  s in c e  the  in tram u sc u la r
d o se  of a d ju v a n t -v a c c in e  w as  fo llow ed  by five  id e n t ic a l  d o s e s
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of a n t ig e n  g iv en  in t r a v e n o u s ly ,  and th u s  the  a d ju v an t  m ust 
h av e  e x e r ted  a d e p re s s iv e  e f fe c t  on the  p roduction  of an tibody  
or may have  preem pted  th e  sy s tem  to  a p a r t ic u la r  ty p e  of 
r e s p o n s e .
The ra te s  of p roduction  a re ,  if a n y th in g ,  som ew hat 
h igher  than  a f te r  a s in g le  d o s e ,  g iv ing  doubling t im es  of 0.41 
d a y s  w ith  MEL, 1.47 d ay s  w ith  LEE, and  0 .4 3  d ay s  w ith  SW 
in  r e s p o n s e  to  the  s im ple  v a c c in e s .  Adjuvant v a c c i n e s ,  once  
a g a in ,  e l i c i t  s ig n if ic a n t ly  low er r a te s  of r e s p o n se :  1 .5 0 ,  6 .0 0  
and  3 .0 0  d ay s  doubling  tim e re s p e c t iv e ly  for the  th ree  s t r a in s .
The maxima a f te r  aqu eo u s  v a c c in e s  a re  uniformly h igher 
than  a f te r  a s in g le  d o s e ,  the  d iffe ren ce  being  2 .6 - f o ld  for MEL, 
6 .8 - f o ld  for LEE and 2 .2 - f o ld  for SW. After ad ju v an t  v a c c in e s  
the  le v e l s  a r e ,  on the  a v e r a g e ,  the  sam e a s  th o s e  found a f te r  
s in g le  i n je c t io n s .  Com pared  to  aq u eo u s  v a c c i n e s ,  th e re  are  
s ig n i f ic a n t  d if fe ren c es  in  th e  b eh av io u r  of the  th ree  s t ra in s :
MEL s t im u la te s  an tibody  production  to  th e  sam e ex ten t  w ith  or 
w ithout ad juvan t;  LEE is  e ig h t  t im es  l e s s  im m unogenic  in 
a d ju v a n t ,  and  SW abou t a hundred  t im es  l e s s  s o .
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In tra p e r i to n e a l  a d m in is t ra t io n .
On the  w h o le ,  a d o se  of v a c c in e  g iv en  in t r a p e r i to n e a l ly  
p roduces  abou t ha lf  a s  much an tibody  a s  th e  sam e d o se  g iven  
in t r a v e n o u s ly  (56% w ith MEL, 42% w ith  LEE and 41% w ith  SW ). 
T hese  d if f e re n c e s  are  even  more s tr ik ing  w hen the  d if fe ren t  
s c h e d u le s  of a d m in is tra t io n  are  com pared .
S ingle  i n j e c t i o n s . W h erea s  th e  r e s p o n s e  to  MEL 
b eco m es  d e te c ta b le  b e tw een  d ay s  2 and  3 , LEE and SY/ produce 
m e asu ra b le  t i t r e s  only b e tw een  d ay s  3 and 6 w hen ad m in is te red  
a s  w atery  s u s p e n s io n s .  The e f fe c t  of th e  ad ju v an t  show s up 
o n ce  more in  the  d e lay ed  a p p e a ra n ce  of an tiSW  a n t ib o d ie s  
(about 10 d a y s ) .
The ra te s  of p roduction  a re  a l l  low er th an  a f te r  in t r a ­
ven o u s  v a c c in a t io n ,  be ing  of th e  o rder of 2 .5  d ay s  doubling  
time a f te r  s im ple  v a c c in e s .  This i s  the  r a te  of in c r e a s e  for 
MEL in  a d ju v a n t ,  to o ,  bu t th e  o th e r  two s t r a in s  s t im u la te  the  
p roduction  of an tibody  a t  h a lf  th is  r a te  o n ly .
The maximum le v e l s  re a c h e d  a re  much the  sam e a f te r  
ad ju v an t  and n o n -a d ju v a n t  v a c c i n e s ,  in  c o n t ra s t  to  the  find ings  
a f te r  in trav en o u s  ad m in is tra t io n  of th e  sam e d o s e s .
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M ultip le  i n j e c t i o n s . The s ta r t in g  tim e i s  not 
d i s t in g u is h a b ly  d iffe ren t a f te r  m ultip le  or s in g le  i n j e c t i o n s ,  
and  show s the  sam e c h a r a c te r i s t i c  s t ra in  d i f f e r e n c e s .
The r a te s  of p roduction  a re  d e f in i te ly  h igher  in  the  
tw o s t r a in s  w here  u n b ia se d  e s t im a te s  c a n  be  m ade (doubling 
t im e s  of 1.22 and 1.15 d ay s  for MEL and SW, r e s p e c t iv e ly ) , 
a f te r  s im ple  v a c c in e s .  T hese  d i f f e re n c e s  d is a p p e a r  when 
th e  r e s p o n s e  a f te r  a d ju v a n t -v a c c in e s  is  com pared: the  r a te s  
a re  th e  sam e w hether s in g le  or m ultip le  d o s e s  of an tig e n  were 
i n j e c t e d .
In th e  c a s e  of MEL the  maximum le v e l s  re a c h e d  ap p ro ach  
th o s e  o b se rv ed  a f te r  in trav en o u s  in o c u la t io n s .  LEE rem ains  
s l ig h t ly  b e lo w  the  maximum a fte r  in trav e n o u s  v a c c in a t io n ,  and  
the  r e s p o n se  to a d ju v a n t -v a c c in e  i s  abou t h a lf  a s  much on ly .
SW b e h a v e s  l ik e  LEE when g iven  a s  aq u eo u s  s u s p e n s io n ,  but 
r e a c h e s  only  o n e - te n th  of th a t  le v e l  a f te r  a d ju v a n t -v a c c in a t io n .  
S u b cu tan eo u s  a d m in is t r a t io n .
Com pared to the  av e rag e  r e s p o n s e  ta k en  over a l l  t r e a t ­
m ents  by th e  in trav en o u s  ro u te ,  the  r e s p o n s e  to  su b cu ta n e o u s
v a c c in e s  i s  abou t five  t im es  low er (19% for MEL, 24% for LEE
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and 16% for SW ).
Single  in je c t io n s .  After the  s im ple  v a c c in e s  an tibody  
i s  m e asu rab le  w ith in  2-4 d a y s ,  in a l l  g ro u p s .  This a l s o  ho lds  
for MEL g iv en  in  a d ju v a n t .  The o th e r  two s t ra in s  in d u ce  a more 
d e la y e d  r e s p o n s e ,  an tibody  ap p ea r in g  on th e  a v e rag e  on the  10th 
and  14th d a y ,  r e s p e c t iv e ly .
The ra te  of p roduc tion  is  in every  r e s p e c t  com parab le  
to  the  r a te s  o b se rv ed  a f te r  in t r a p e r i to n e a l  in je c t io n  of the  sam e 
v a c c i n e s .
On the  w h o le , the  maximum le v e ls  r e a c h e d  are  the  sam e 
or only s l ig h t ly  b e low  th o se  a f te r  in t r a p e r i to n e a l  v a c c in a t io n .  
Thus the  ov e ra l l  d if fe ren ce  b e tw e e n  the  two ro u te s  m ust r e s t  on 
th e  poorer r e s p o n se  to  m ultip le  in j e c t i o n s .
M ultip le  i n j e c t i o n s . The o n s e t  of an tibody  production  
i s  the  sam e a s  in the  g roups  r e c e iv in g  one d o s e  of v a c c in e  o n ly ,  
and the  d e lay ing  e f fe c t  of a d ju v a n t  i s  c le a r ly  n o t ic e a b le  in  the  
c a s e  of LEE and SW .
The in i t ia l  r a te s  of an tib o d y  p roduction  are  s ig n if ic a n t ly  
h igher a f te r  the  two v iru s  s t r a in s  u n a f f e c te d  by n o n - s p e c i f ic  
in h ib ito rs  (2 .9 - fo ld  in c r e a s e  for MEL, 1 .6 - fo ld  for SW) , p rovided
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th e y  a re  ad m in is te red  a s  aqu eo u s  s u s p e n s i o n s .  The sam e d o se  
g iv en  a s  w a te r - in - o i l  em u ls ion  r e s u l t s  in  r a te s  of p roduction  
low er by a fac to r  of 4 and 5 for MEL and SW, r e s p e c t iv e ly .
The d if fe ren tia l  b eh av io u r  of the  th ree  t e s t  s t r a in s  in 
r e s p e c t  to  th e  e f f ic ie n cy  of the  ad ju v an t  i s  once  ag a in  ev iden t:  
SW a d m in is te red  a s  a w a te r - in - o i l  em u ls ion  le a d s  to  th e  pro­
d u c tio n  of abou t ten  t im es  l e s s  an tibody  than  th e  sam e d o se  of 
v iru s  in  w a te r .  The re s p o n s e s  to  LEE and MEL are  b e t t e r ,  bu t 
none of them a t ta in s  the  le v e l s  re a c h e d  a f te r  in trav e n o u s  in o c u ­
la t io n s  .
The A nam nestic  R esp o n se
The d o se  of v iru s  u se d  in  e l ic i t in g  a s ec o n d a ry  and 
te r t ia ry  r e s p o n se  w as the  sam e a s  g iv en  prim arily  -  a r e la t iv e ly  
la rg e  q u an ti ty  of v i r u s .  This f a c t ,  a s  w e ll  a s  the  sho rt  in te rv a l  
of only  20 d ay s  be tw een  sec o n d a ry  and  te r t ia ry  b o o s tin g  a c c o u n ts  
for t h e  la ck  of s ig n if ic a n t  c h a n g e s  in  an tib o d y  t i t r e  b e tw een  d ay s  
60 and 7 5 . For th is  r e a s o n ,  the  two s e t s  of o b se rv a t io n s  w ill  be 
d i s c u s s e d  to g e th e r .
In s e v e ra l  t re a tm en t g roups  the  a n a m n e s t ic  re s p o n se
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S tarts  w ith  a n eg a tiv e  p h a se :  th e  b le e d in g s  ta k en  2 d ay s  a f te r  
th e  b o o s tin g  inoculum  c o n ta in  l e s s  an tib o d y  than  the  b le ed  
ta k e n  im m ed ia te ly  before  b o o s t in g .  This drop w as not o b se rv ed  
r e g u la r ly ,  and va ried  ev en  w ith in  any  s in g le  g ro u p , i . e . ,  among 
ra b b i ts  re c e iv in g  id e n t ic a l  t re a tm e n t .  The m echan ism  under­
ly ing  th is  finding is  unknow n, bu t th e  d o se  of v iru s  a d m in is te red  
c an  be  e x c lu d ed  a s  c a u s a t iv e  fac tor: the  maximum am ount of 
v iru s  a d m in is te red  would have  b e en  in s u f f ic ie n t  to  low er serum 
t i t r e s  by more than  a few  per c e n t ,  and th u s  would have  e sc a p e d  
d e t e c t i o n .
W hen fi t t ing  s t ra ig h t  l in e s  to  th e  in i t i a l  s lo p e s  of the  
log an tibody  re s p o n se  to  a n a m n e s t ic  c h a l l e n g e ,  a l l  l in e s  were 
found to  e x tra p o la te  to  p o in ts  in  tim e p reced ing  th e  in je c t io n  of 
th e  b o o s te r  a n t ig e n .  This find ing  h a s  two im m edia te  c o n se q u e n c e s  
f i r s t ,  th a t  s ta r t in g  t im es  can n o t  be  d e fin ed  in the  sam e w ay a s  
h a s  b een  done for the  prim ary re s p o n se ;  a n d ,  s e c o n d ,  th a t  the  
a ssu m p tio n  of an  e x p o n e n t ia l  a n a m n e s t ic  in c r e a s e  in  an tibody  
i s  u n te n a b le .  It fo llow s th a t  a l l  th e  s lo p e s  c o n s id e re d  in th is  
s e c t io n  may be u n d e r e s t im a te s ,  e i th e r  b e c a u s e  the  rap id  in i t ia l  
r i s e  of an tibody  w as m ask ed  by an tib o d y  formed in  r e s p o n s e  to 
prim ary s t im u la t io n  and  s t i l l  p re s e n t  in  the  c i r c u la t io n ,  or b e c a u s e
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a t  th e  s ta g e  where m easu rem en ts  b ecam e  p o s s ib l e ,  the  ra te  
of e l im in a t io n  was no t n e g l ig ib le  a s  com pared  to the  ra te  of 
p ro d u c t io n .  A th ird  p o s s ib i l i ty ,  n a m e ly ,  c h a n g e s  in  the  q u a l i ty  
of a n t ib o d y ,  w ill be  c o n s id e re d  both  when com paring th e  r e s u l t s  
o b ta in e d  by the  u se  of the  th re e  methods of a s s a y ,  and  in la te r  
e x p e r im en ta l  work on the  therm odynam ic  p ro p e r t ie s  of primary 
and  a n a m n e s t ic  a n t i s e r a .
In trav en o u s  a d m in is tra t io n .
S ing le  i n j e c t i o n s . Judged by the  f i r s t  d e te c ta b le  
i n c r e a s e ,  the  a n am n e s t ic  r e s p o n s e  b eco m es  m easu ra b le  from 
the  sec o n d  day  a f te r  b o o s t in g s .  I r r e s p e c t iv e  of the  p rev ious 
h is to ry  of the  a n im a l s , the  m easu red  r a te s  are  c h a ra c te r iz e d  
by doubling  t im es  of the  order of a d a y .  The te r t ia ry  r e s p o n se  
i s  ha rd ly  n o t ic e a b le  in  t h e s e  g roups: the  e s t im a te d  s lo p e s  
d iffe r  in s ig n i f ic a n t ly  from zero  in a l l  c a s e s ,  and  in  s e v e ra l  
g roups  th e re  is  a g en u in e  drop in  a n tib o d y  t i t r e s .
The maximum t i t r e s  a t ta in e d  are  com parab le  for the  
group th a t  r e c e iv e d  th e ir  prim ary d o s e  of a n t ig e n  in w a te r  or in 
a d ju v a n t ,  and a re  c o n s i s te n t ly  h ig h e r  than  the  primary m axim a. 
The d if fe ren ce  i s ,  on the  a v e r a g e ,  ab o u t 8 - f o ld ,  w ith  h igher than  
a v e rag e  r i s e  in the  ad ju v an t-S W  group w h o se  poor primary
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r e s p o n s e  h a s  a lread y  b een  po in ted  out a b o v e .  The te r t ia ry  
maxima a re  very  c lo s e  to  the  s e c o n d a ry  p e a k s ,  and  w ith  the  
p o s s ib le  ex cep tio n  of MEL (where an a c tu a l  drop is  observed) 
c an  be tak en  a s  id e n t i c a l .
M ultip le  i n j e c t i o n s . As far a s  the  o n s e t  and  ra te  of 
a n a m n e s t ic  p roduction  i s  co n ce rn ed  th e  g roups  rece iv in g  
m ultip le  d o s e s  of a n t ig e n  do no t d iffer  from th o se  rece iv in g  
s in g le  d o s e s .  The an im a ls  w hich  re c e iv e d  SW in  ad ju v an t  and 
produced  l i t t l e  an tibody  a f te r  primary s t im u la t io n  a re  s e e n  to 
c a tc h  up w ith the  o th e r  g roups  by producing an tibody  a t  a 
p a r t ic u la r ly  f a s t  r a t e .  By th e  tim e th e  te r t ia ry  s t im u lus  w as 
ap p l ie d  th e re  w as no d if fe ren ce  b e tw ee n  any  of the  t r e a tm e n ts .
The maximum le v e l s  of an tib o d y  re a c h e d  are  8 - fo ld  
above  the  co rrespond ing  primary l e v e l s ,  due m ain ly  to  the  g re a t  
in c re a s e  of the  a d ju v a te d  g ro u p s .  There i s  an approx im ate ly  
tw o -fo ld  d iffe ren ce  b e tw ee n  s in g le  and  m ultip le  in je c t io n s  w h ic h ,  
h o w ev er ,  does  no t show  up c o n s i s t e n t ly  for a l l  pa irs  of t r e a tm e n ts .  
In g e n e r a l ,  i t  may be s a id  th a t  by the  end  of the  s e c o n d a ry ,  and 
e s p e c ia l ly  of the  te r t i a r y ,  r e s p o n s e  th e  m arked d if f e re n c e s  w hich  
c h a ra c te r iz e d  the  immune s ta t e  a f te r  prim ary s t im u la t io n  have
been  le v e l le d  o u t .
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In trap e r i to n e a l  a d m in is t r a t io n .
S ingle  i n j e c t i o n s . The ra te  of an tibody  p roduction  is  
s t r ik in g ly  h igher than a f te r  prim ary s t im u la t io n ,  in  a l l  g ro u p s .  
Those hav ing  re la t iv e ly  low  primary le v e l s  of an tibody  (LEE and 
SW) e x c e e d  even  the  r a te s  of p roduc tion  a f te r  in trav en o u s  b o o s t ­
i n g . As a r e s u l t  such  le v e l s  of n e u tra l iz in g  an tibody  a re  a t ta in e d  
th a t  th e  te r t ia ry  re sp o n se  p ro c e ed s  a t  n e g l ig ib le  or ev en  n eg a t iv e  
r a t e s .
The maxima are  in every  way com parab le  to  th o se  
re a c h e d  a f te r  in trav en o u s  b o o s t in g ,  and  h en ce  about 3 0 -fo ld  
h igher th an  the  t i t r e s  re a c h e d  by the  sam e an im a ls  during the  
primary r e s p o n s e .  The in c r e a s e  i s  m ost s tr ik ing  in  the  a d ju v a ted  
groups of poor primary r e s p o n s e  (LEE and SW ). The te r t ia ry  
r e s p o n se  is  e s s e n t i a l ly  r e s t r i c t e d  to m ain ta in ing  the  seco n d a ry  
le v e ls  of an tib o d y ,  with the  p o s s ib le  e x ce p tio n  of the  n o n -  
a d ju v a ted  SW group w hich show s a 2 .5 - f o ld  r i s e  and th u s  r e a c h e s  
th e  sam e le v e l  a s  the  co rre sp o n d in g  ad ju v a ted  g roup .
M ultip le  i n j e c t i o n s . The a n a m n e s t ic  r e s p o n se  i s  under 
w ay in a l l  g roups by the  sec o n d  day  a f te r  b o o s tin g  and p ro ceed s  
a t  a ra te  w hich  i s  not d if fe ren t  w ith in  th e s e  g ro u p s ,  in d is t in g u is h ­
a b le  from the  r a te  of in c r e a s e  a f te r  s in g le  d o s e s  of v a c c in e ,  and
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abou t tw ic e  th a t  of the  c o rre sp o n d in g  primary r a te s  of pro­
d u c t io n .  All te r t ia ry  r e s p o n s e s  a re  of low  or p ra c t ic a l ly  zero  
r a t e s .
The maxima of th e s e  tre a tm e n t  groups com pare favour­
ab ly  w ith any re a ch e d  a f te r  s eco n d a ry  s t im u la t io n ,  and  the re  is  
l i t t l e  fu r ther r i s e  during te r t ia ry  p ro d u c tio n . The only  ex cep tio n  
i s  the  ad ju v a ted  LEE-group, a lthough  th e  co n tr ib u tio n  of in te r ­
ra b b i t  v a r ia t io n  c an n o t be e x c lu d ed  in  th is  c a s e .
S u bcu taneous  a d m in is t r a t io n .
S ing le  i n j e c t i o n s . Although th e  s ta r t in g  le v e l s  of 
an tibody  are  the  lo w e s t  in  th e s e  g ro u p s ,  the  r a te s  of a n am n e s t ic  
production  rem ain  w e ll  b e lo w  th o s e  o b se rv ed  a f te r  the  o the r  two 
ro u te s  of a d m in is t ra t io n .  This is  p a r t ic u la r ly  s tr ik ing  in  the  
an im a ls  th a t  had prim arily  r e c e iv e d  LEE or SW in a d ju v a n t ,  and 
fo llow ed a poor in i t i a l  r e s p o n s e  by a poor s ec o n d a ry  o n e .  In d e e d ,  
even  te r t ia ry  s t im u la t io n  d o es  no t le ad  to  any  marked r i s e  of 
n eu tra l iz in g  a n t ib o d ie s .
The maximum le v e l s  a re  the  lo w e s t  a f te r  th e s e  trea tm en ts  
(9% and 28% of the  peak  a t ta in e d  in  the  co rrespond ing  groups a f te r  
in trav en o u s  or in t r a p e r i to n e a l  v a c c in a t io n  w ith  MEL, 21% and 19% 
w ith LEE, 4% and 27% w ith  SW ), w ith  no s ig n if ic a n t  im provem ent
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on te r t ia ry  s t im u la t io n .  The la ck  of a n a m n e s t ic  r e s p o n s e  is  
m ost e v id en t  in the  ad ju v a ted  groups  w hich  co n tr ib u te  la rg e ly  
to  the  low  o v e ra l l  a v e r a g e s .
M u ltip le  i n j e c t i o n s . The e f fe c t  of re p e a te d  b o o s te r  
in je c t io n s  by th e  su b cu ta n e o u s  rou te  g iv e s  only  s l ig h t ly  b e t te r  
r a te s  of an tibody  production  th an  s in g le  b o o s t e r s .  H ow ever, 
the  re s t in g  le v e l s  of t h e s e  tre a tm en t g roups  w ere som ew hat 
h igher  on the  s ta r t in g  d a y ,  and  th is  m ight have  m asked  any 
in i t ia l  b u r s t .  T ertiary  s t im u la t io n  see m s  to  r e s u l t  in d e te c ta b le  
r a te s  of in c r e a s e  only in  the  S W -ad ju v a n t  group; th is  r i s e ,  
h o w ev er ,  is  b a se d  on the  e x c e p t io n a l  r e s p o n s e  of one rabb it  
w hose  f ina l  serum  t i t r e s  e x c e e d e d  the  av e rag e  of the  o the r  two 
in  the  group by a fa c to r  of t e n .
The le v e l  of n e u tra l iz in g  an tibody  in th e s e  g roups i s  
c o n s i s te n t ly  and s ig n if ic a n t ly  h igher  th an  in th o s e  re c e iv in g  a 
s in g le  b o o s te r  in je c t io n  o n ly ,  a l th o u g h  not q u ite  a s  h igh  a s  
a f te r  the  co rre sp o n d in g  in trav e n o u s  and  in tr a p e r i to n e a l  s c h e d u le s  . 
Tertiary  r i s e s  a re  n e g l ig ib le ,  e x c e p t  in  the  S W -ad ju v an t  g ro u p , 
where  th ey  r e s t  in  th e  e x c e p t io n a l  b eh av io u r  of one out of th ree
a n im a l s .
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THE IMMUNE RESPONSE TO INFLUENZA VIRUS, II .  EFFECT
OF ROUTE AND TIME SCHEDULE OF VACCINATION ON 
HAEMAGGLUTININ-INHIBITING ANTIBODIES.
SUMMARY
The in f lu en ce  of the  rou te  and s c h e d u le  of v a c c in a t io n  
on the  r e s p o n s e  of ra b b its  to  th ree  s t r a in s  of in f lu en z a  v iru s  (MEL, 
LEE and SW) is  in v e s t ig a te d .  This paper c o n ta in s  th e  r e s u l t  of 
an tih aem a g g lu t in in  t e s t s  covering  the  primary and a n am n e s t ic  
r e s p o n s e s .
C irc u la t in g  haem ag g lu tin in  w as d e te c te d  2-3  d ay s  a f te r  
primary v a c c in a t io n  with aq u eo u s  s u s p e n s io n s  of a l l  s t r a i n s .
After ad ju v an t  v a c c in a t io n  w ith LEE and SW a n t ig e n s  th e re  is  l i t t l e  
or no an tib o d y  produced  in  th e  primary r e s p o n s e .  The r i s e  in a n t i ­
h aem ag g lu tin in  le v e l s  is  som ew hat s low er th an  e x p o n en t ia l  bo th  in 
th e  primary and a n am n e s t ic  r e s p o n s e s .
The q u an ti ty  of an tibody  produced  d e p en d s  bo th  on the  
rou te  and s c h e d u le  of a d m in is t ra t io n ,  a s  w e ll  a s  on the  a n t ig e n .
The in trav en o u s  rou te  is  c o n s i s te n t ly  b e t te r  th an  the  in t r a p e r i to n e a l ,  
and  bo th  a re  super io r  to th e  su b cu ta n e o u s  ro u te .
The primary r e s p o n s e s  a re  b e t te r  fo llow ing m ultip le  
in je c t io n s  in  aq u eo u s  s u s p e n s io n ,  i r r e s p e c t iv e  of ro u te .  These 
d if fe ren c es  le v e l  out a f te r  a n am n e s t ic  s t im u la t io n .  Simple v a c c in a ­
tion  g iv e s  h igher r a te s  of p roduction  and  h ig h e r  maxima than  
a d ju v a n t  v a c c in a t io n  over the  primary r e s p o n s e ,  bu t once  ag a in
2t h e s e  d if f e re n c e s  d is a p p e a r  a f te r  sec o n d a ry  s t im u la t io n .
In order of d e sc e n d in g  im m unogenic  pow er, a s  d e te c te d  
by h a e m a g g lu t in a t io n - in h ib i t io n , th e  s t ra in s  a re  MEL, SW , and 
LEE. W ith th e  la rge  d o se  of a n t ig e n  u se d  in  th e s e  e x p e r im e n ts ,  
m axim al p roduc tion  of an tibody  w as  e l ic i t e d  in th e  seco n d a ry  
r e s p o n s e  upon w hich  te r t ia ry  s t im u la t io n  cou ld  not im prove.
INTRODUCTION
The sam e s e t  of 2 ,0 0 0  se ra  on w hich  the  n e u tra l iz a t io n  
t e s t s  of the  f i r s t  paper of th is  s e r i e s  w ere  perform ed se rv ed  a s  
ex p er im en ta l  m a te r ia l  for the  p re s e n t  s tu d y .  The a n t ih aem ag g lu tin in  
a s s a y ,  u s e d  he re  to  e s t im a te  an tib o d y  l e v e l s ,  d iffe rs  in s e v e ra l  
fundam enta l  po in ts  from the  s ta n d a rd  a s s a y  for n e u tra l iz in g  a n t i ­
b o d ie s  (F azekas  de S t .G r o th ,  1962). F ir s t  th e  a n t ih aem ag g lu tin in  
t e s t  i s  c a r r ied  out in  a c lo s e d  sys tem : the  to ta l  number of re a c tin g  
e n t i t ie s  (virus p a r t i c l e s ,  an tib o d y  m o lecu les  and in d ic a to r  c e l ls )  
rem ains  u n changed  th ro u g h o u t .  In c o n t r a s t ,  th e  number of in fe c t iv e  
u n its  in a n e u tra l iz a t io n  t e s t  d im in ish e s  w ith  t im e ,  partly  b e c a u s e  a 
c e r ta in  frac t io n  e n te rs  in f e c t iv e  c e l l s  and  i s  th u s  w ithdraw n from the  
s y s te m ,  and  partly  b e c a u s e  an o th e r  f rac t io n  lo s e s  i t s  in fe c t iv i ty  by
3therm al in a c t iv a t io n  and thus  c a n n o t  in d ic a te  w he ther i t  h a s  
b e en  n e u t ra l iz e d  or n o t .  S e c o n d ly ,  th e  p rev en tio n  of h aem - 
a g g lu t in a t io n  can  p roceed  by a s in g le  m echan ism  only: the  
p o te n t ia l  c o n tac t in g  su rfa ce  of the  v iru s  p a r t ic le  m ust be  sh ad ed  
by a n t ib o d y ,  and a p red ic tab le  num ber of an tib o d y  m o lecu les  
a t ta c h e d  to  a fixed  a rea  of the  v iru s  w ill  bring th is  a b o u t .  
N e u tra l iz a t io n  of in fe c t iv i ty  is  c o n c e iv a b le  by s e v e ra l  m e a n s ,  su ch  
a s  p reven tion  of a d so rp t io n ,  h in d ran ce  of v i r o p l e x i s , in te r fe re n c e  
w ith  in t r a c e l lu la r  m u lt ip l ica t io n  and  b lock ing  or s low ing  down of 
c e l l - t o - c e l l  s p re a d .  Each  of th e s e  m ech an ism s  w ould requ ire  
d if fe ren t  num bers and a rrangem en t of a n tib o d y  m o le c u le s ,  and w o u ld  
a l s o  depend  on the  na tu re  and p h y s io lo g ic a l  s t a t e  of the  h o s t  c e l l s  
em ployed . T hird ly , h a em a g g lu tin in  t e s t s  work only over a lim ited  
range  of a n t ig e n ic  c o n c e n tra t io n s  and  ev en  th e  lo w e s t  of th e s e  is  
of the  order of the  equ ilib rium  c o n s ta n t  c h a ra c te r iz in g  the  in te ra c t io n  
of in f lu en za  v i ru s e s  and  an tibody  (F azek as  de S t .G ro th ,  1961;
F az ek a s  de S t .G ro th  and  W e b s t e r ,  1962). As a c o n s e q u e n c e ,  a much 
la rge r  frac t io n  of the  h e te ro g e n e o u s  an tib o d y  popu la t io n  w ith in  any 
serum w ill  com bine  w ith  i t s  a n t ig e n  and  th u s  sco re  in an t ih a em - 
a g g lu tin in  t e s t s  , w h ile  only th e  m ost firmly b ind ing  m inority  is
c a p a b le  of b lock ing  in f e c t iv i ty .
4To th e  b a s ic  d if fe ren c es  c a n  be  add ed  o t h e r s , more of a 
t e c h n ic a l  n a tu re .  The error of n e u t ra l iz a t io n  a s s a y s  is  r e la t iv e ly  
la rg e ,  due  in  part to the  random d is t r ib u t io n  of th e  sm all  num bers 
of in fe c t iv e  d o s e s  (in the  c a s e  of q u a n ta l  t e s t s  , of a s in g le  one) 
u s e d  in  s c o r i n g , and  in part to  th e  r e s t r i c t io n  of s iz e  on c o n s id ­
e ra t io n s  of c o s t  and lab o u r .  A ntihaem agg lu tin in  t e s t s  a re  in h e r­
en tly  more a c c u r a te ,  be ing  b a s e d  on the  b eh av io u r  of la rge  
n u m b ers ,  and  pe rhaps  the  c h e a p e s t  of a l l  s e ro lo g ic a l  p ro c e d u re s .  
On th e  o the r  h a n d ,  properly  d e s ig n e d  n e u tra l iz a t io n  t e s t s  are 
p ra c t ic a l ly  free  from n o n - s p e c i f ic  in te r fe re n c e  by com ponents  of 
se ru m , w h e rea s  th e re  a re  a t  l e a s t  th re e  k inds  of n o n - s p e c i f ic  
a n t ih a em a g g lu t in in  in h ib ito rs  known to  be  p re s e n t  in a l l  normal 
s e r a .  There a re  m ethods of m inim izing  in te r fe re n c e  from th e s e  
s u b s t a n c e s ,  and  the  th ree  m ost common p re c au t io n s  w ere ta k en  
th roughout th e s e  t e s t s .  T hus , a l l  s e ra  w ere  p re tre a ted  to red u ce  
th e i r  n o n - s p e c i f ic  inh ib ito ry  t i t re ;  in h ib i to r - in s e n s i t iv e  fowl 
c e l l s  (Anderson, 1946) were u sed ;  and  the  re a c t io n  w as s e t  up 
in  sm all  v o lu m e s ,  w ithout p re - in c u b a t io n  of the  v i ru s -s e ru m  
m ix tu re s .  Even s o ,  the  v a r ia b le  f irm n ess  of b inding  to c e l l s  
(" re c ep to r  g ra d ie n t"  : Burnet, M c C re a ,  and S to n e ,  1946) and 
in h ib i to rs  (" in h ib ito r  g ra d ie n t"  : S to n e ,  1947) in tro d u ce s  
a d d i t io n a l  c o m p lica t io n s  w hich  va ry  from s t r a in  to  s t r a in .  In a l l ,
5an tih a em a g g lu t in in  t e s t s  are  more a c c u ra te  than  n e u tra l iz a t io n  
t e s t s ,  r e f le c t  th e  q uan tity  of an tibody  ra th e r  th an  i t s  q u a l i ty ,  
and  are  l ik e ly  to  be  le s s  in form ative  e a r ly  in the  immune r e s p o n se  
w here  th e ir  a p p e a ra n ce  might s t i l l  be marked by re s id u a l  non­
s p e c i f ic  in h ib i to r s .
All m a te r ia ls  and m ethods u se d  in th is  s tu d y  have  b een  
d e sc r ib e d  in the  f i r s t  paper of th e  s e r ie s  . For a sy n o p s is  of the  
ex p er im en ta l  d e s ig n ,  Table 1 of th a t  paper shou ld  be  c o n s u l t e d .
EXPERIMENTAL
All of the  a n t is e ra  ta k en  from the  ra b b i ts  im m unized w ith 
one of the  s t ra in s  of v irus  were  a s s a y e d  on the  sam e d a y ,  thus  
e lim ina ting  p o s s ib le  v a r ia t io n  due to  re a g e n ts  and  o p e ra to rs .  
Antibody t i t r e s  a re  e x p re s s e d  in  term s of 1 .0  ml vo lum es perm itting  
d i re c t  com parison  w ith the  r e s u l t s  o b ta in ed  in n e u tra l iz a t io n  and 
com plem ent f ix a t io n  t e s t s  (Papers I and I I I ) . The in h e ren t  error 
of a s in g le  t i t r a t io n  is  ± 0 .063  l o g ^  u n i ts  (F azekas  de  S t .G ro th  
and  W e b s te r ,  1961). The s t a t i s t i c a l  co m p ar iso n  of m axim al a n t i ­
body t i t r e s ,  r a te s  of p roduction  and  s ta r t in g  t im es  of the  immune 
r e s p o n se  were ca rr ied  out a s  in  the  f i r s t  p a p e r .  The t i t r a t io n s  of
6maximum le v e ls  had a s tan d a rd  d e v ia t io n  of ± 0 .0 8 0  for MEL,
± 0 .088  for LEE and ± 0 .116  for SW virus  and th e i r  r e s p e c t iv e  
a n t ib o d ie s .  The a c c u ra c y  of the  r a te s  of a n tib o d y  production  w as 
±0 .002  for MEL, ±0 .005  for LEE and  ± 0 .007  for SW, in l o g ^  u n its  
per d ay .
The an tibody  t i t r e s  of th e  12 t re a tm e n t-g ro u p s  a re  
p re se n te d  in F igures  1 , 2 ,  3 . Each po in t i s  th e  geo m etr ic  mean 
t i t r e  of th e  3 ra b b i ts  in e a c h  g ro u p ,  and the  c u rv e s  w ere f i t ted  by 
e y e .  To f a c i l i t a t e  co m p ar iso n s  b e tw een  the  g ro u p s ,  T ables  1 and 2 
a re  p re sen te d  g iv ing  in  summary form, th e  main s t a t i s t i c a l  r e s u l t s .
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DISCUSSION
The a n a ly s e s  of v a r ia n c e  show ed s ig n i f ic a n t  d if fe ren c es  
b e tw een  the  immune r e s p o n s e  of ra b b i ts  in e a c h  t re a tm e n t-g ro u p .  
G e n e tic  v a r ia t io n  w as once  ag a in  e lim in a ted  from a l l  co m p ar iso n s
FIGURE 1 . The an tibody  r e s p o n s e  of ra b b i ts  to  a type  A
in f lu e n z a  v iru s  (MEL), a s  m e asu re d  by a n t ih a e m a g g lu t in in .
Antibody t i t r e s  a re  e x p re s s e d  in  l o g ^  u n its  per 1.0 ml 
vo lum es of se rum . Each po in t r e p re s e n ts  th e  g eom etr ic  mean 
t i t r e  of a g roup of th ree  r a b b i t s .
S c h ed u les  of v acc in a tio n :
Group I: Aqueous v a c c in e  on d ay s  0 ,  40 and  60, by the
rou te  in d ic a te d  on the  f i g u r e s .
Group II: Aqueous v a c c in e  on d ay s  0 , 2 , 4 , 7 , 9 , 11 a s
primary s t im u lu s ,  on d ay s  4 0 ,  4 2 ,  44 a s  s e c o n d a ry  and on days 
60 , 62 , 64 a s  te r t ia ry  s t im u lu s .
Group III: V accine  in in co m p le te  F r e u n d 's  ad ju v an t  in t r a ­
m u scu la r ly  on day  0, a q u eo u s  v a c c in e  on d ay s  40 and  60 , by 
th e  ro u te s  in d ic a te d  on th e  f i g u r e s .
Group IV: V accine  in in co m p le te  F r e u n d 's  a d ju v an t  in t r a ­
m u scu la r ly  on day  0 , fo llow ed  by aq u eo u s  v a c c in e  on d ay s  2 , 4 ,  
7 , 9 , 11 a s  primary s t im u lus  , by th e  ro u te s  in d ic a te d  on the  
f ig u r e s .  The s ec o n d a ry  and te r t ia ry  c o u rs e s  of v a c c in a t io n  were 
th e  sam e a s  for th e  co rre sp o n d in g  s u b - s e t s  of Group II.
Each inoculum  of v a c c in e  c o n ta in e d  5 ,0 0 0  h aem - 
ag g lu t in a t in g  u n i ts  of v irus  (approx im ate ly  10^ p a r t ic le s  , or
0 .0 6  m g ) .
DAYS AFTER V A C C IN A T IO N D A Y S  AFTER V A C C IN A T IO N D AYS AFTER V A C O N A T IO N
FIGURE 2. The an tibody  r e s p o n s e  of ra b b i ts  to  a type  B
in f lu en z a  v iru s  (LEE), a s  m easu red  by a n t ih a e m a g g lu t in in .
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FIGURE 3. The an tibody  r e s p o n s e  of ra b b i ts  to  sw ine
in f lu en z a  v iru s  (SW),as m easu red  by a n t ih a e m a g g lu t in in .
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TABLE 1
The r a t e  of an t ih a em a g g lu t in in  production
Vaccina t ing Schedu le Primary R esp o n se Secondary  R esponse Tert iary  R esponse
s t ra in of
of Adminis- i n t r a - i n t r a - s u b - i n t r a - i n t r a - s u b - i n t r a - i n t r a - s u b -
. v irus t ra t ion venous p e r i to n ea l c u tan e o u s venous per i tonea l c u tan e o u s venous p e r i to n e a l c u tan e o u s
Group I 0 .1 7 0 .0 6 0 .01 0 .31 0 .3 4 0 .1 6 0 .0 0 0 .07 0 .1 0
MEL Group II 0 .2 2 0 .1 9 0 .1 0 0 .2 0 i 0 .14 0 .11 0 .0 0 0 .01 0 .05Group III 0 .1 2 0 .1 2 0 .0 9 0 .12 0 .0 9 0 .0 6 0 .0 0 0 .05 0 .0 2
Group IV 0.11 0 .1 3 0 .11 0 .1 7 0 .2 0 0 .0 2 0 .0 0 0 .0 3 0 .0 0
Group I 0 .0 3 0 .0 2 0 .0 0 0 .2 3 0 .15 0 .0 8 0 .05 0 .0 3 0 .0 3
LEE Group II 0 .08 0 .0 2 0 .0 0 0 .2 0 0 .21 0 .1 0 0 .0 3 0 .0 9 0 .0 2Group III 0 .0 0 0 .0 0 0 .02 0 .2 5 0 .15 0 .05 0 .0 4 0 .0 5 0 .0 0
Group IV 0 .0 0 0 .0 0 0 .0 0 0 .3 8 0 .29 0 .2 5 0 .01 0 .1 6 0 .01
Group I 0 .1 9 0 .01 0 .0 2 0 .1 4 0 .07 0 .0 4 0 .0 0 0 .1 0 0 .0 0
SW Group II 0 .2 0 0 .11 0 .1 2 0 .0 8 0 .15 0 .1 0 0 .0 0 0 .0 0 0 .05Group III 0 .01 0 .0 2 0 .0 2 0 .2 6 0 .3 2 0 .01 0 .05 0 .0 0 0 .0 4
Group IV 0 .0 0 0 .0 0 0 .0 0 0 .3 6 0 .19 0.11 0 .0 2 0 .05 0 .1 6
The f igures  show  the  l o g ^  s l o p e s  f i t ted  to  the  s t e e p e s t  por t ions  of th e  r e s p e c t i v e  t im e - lo g  r e s p o n s e  c u r v e s ,  
b a s e d  on th e  geom et r ic  mean an t ih aem ag g lu t in in  t i t r e s  from groups  of 3 r a b b i t s .
TABLE II
Maximum le v e l s  of an t ih aem agg lu t in in
V acc ina t ing Schedu le Primary R esp o n se Secondary  R esponse Tert iary  R esponse
s t ra in of
of Admin is - i n t r a - i n t r a - s u b - i n t r a - i n t r a - s u b - i n t r a - i n t r a - s u b -
virus t ra t ion ven o u s p e r i tonea l c u tan e o u s venous pe r i to n ea l c u tan e o u s venous p e r i tonea l c u tan e o u s
Group I 3 .0 2 2 .1 0 1 .91 3 .9 3 3 .2 0 2 .4 4 3 .5 9 3 .1 3 2 .4 9
MEL Group II 3 . 5 0 3 .4 5 2 .5 8 3 .7 4 3 .8 9 2 .8 5 3 .41 3 .8 7 2 .87Group III 3 .3 2 3 .3 2 2 .8 6 3 .7 8 3 .6 0 3 .0 2 3 .6 4 3 .5 9 2 .97
Group IV 3 .3 0 3 .3 5 3 .0 2 4 .0 1 4 . 1 0 3 .2 7 3 .7 6 3 .8 5 3 .1 8
Group I 1 .9 3 1 .8 3 — 2 .65 2 .5 9 1 .9 0 2 .73 2 .45 1 .88
LEE Group II 2 .7 4 2 .0 4
- 3 .0 6 2 .4 6 2 .3 2 2 .98 2 .3 7 1 .95
Group III - - 1 .75 2 .5 8 2 .1 9 2 .0 8 2 .5 3 2 .0 6 1 .94
Group IV - - - 3 .0 8 2 .5 0 2 .1 0 2 .66 2 .6 3 1 .7 6
Group I 3 .0 4 2 .1 8 1 .91 3 .8 2 2 .5 2 1 .9 9 3 .6 4 2 .8 0 1 .92
SW Group II 3 .3 4 2 .9 2 2 .73 3 .6 0 3 .7 6 2 .8 9 3 .6 8 3 .4 5 2 .94Group III 1 .9 0 1 .8 2 1 .75 2 .85 3 .11 1 .8 0 2 .6 8 2 .6 2 1 .89
Group IV - - - 3 .1 3 2 .8 6 2 .2 2 2 .79 2 .9 6 2 .80
The f igures  show  the  mean an t ih a em a g g lu t in in  t i t r e s  of g roups  of 3 r a b b i t s ,  e x p r e s s e d  in  te rms of 1 . 0  ml v o lu m e s .  
The a v e r a g e  f igure  was  d e te rm ined  from a t  l e a s t  3 po in ts  during maximum an t ibody  product ion  over  a per iod  of 10 d a y s .
-  = <  1 .6 0
7by pooling  th e  e rro r sum s of sq u a re s  w ith  a l l  in te ra tio n  sum s of 
sq u a re s  c o n ta in in g  d if fe re n c e s  b e tw een  ra b b its  a s  f a c to r s .  T hese 
co n trib u tio n s  a re  c o n s id e ra b ly  la rg e r w hen e v a lu a te d  by a n t i -  
h aem ag g lu tin in  th an  by n e u tra l iz a t io n  t e s t s , p o in ting  to  a m arked 
in te r - r a b b it  v a r ia tio n  in  th e  q u a n tity  of a n tib o d y , a lth o u g h  a com ­
pound of q u a n tity  and  q u a lity  v a r ie s  l e s s .  This d iffe ren c e  is  show n 
in  a more s tr ik in g  w ay by th e  c o n trib u tio n  of in te r - r a b b i t  v a r ia tio n  
to  th e  e rro r v a r ia n c e , w hich  is  com p arab le  for th e  r a te s  of an tib o d y  
p ro d u c tio n  w hen a s s e s s e d  by  th e  tw o te c h n iq u e s . The in c rem en ts  
of th e  erro r v a r ia n c e  a re  1 3 .5 9 -  an d  1 .4 0 - fo ld  for le v e ls  and  r a te s  
r e s p e c t iv e ly .  All th e  s ig n if ic a n t v a r ia n c e  ra tio s  due to  th e  m ain 
c o n tra s ts  rem ain ed  s ig n if ic a n t a t  th e  1% le v e l ,  ev en  a f te r  in c re a s in g  
th e  erro r v a r ia n c e .
The Prim ary R esp o n se
All t i t r a t io n s  w ere s ta r te d  a t  a serum  d ilu tio n  of 1 :2 0 . At 
th is  d ilu tio n  th e re  w as no n o n -s p e c if ic  in h ib itio n  found in  th e  p re ­
v a c c in a tio n  s e ra  fo r an y  of th e  s tra in s  of a n tig e n . For a c c u ra te  
s tu d ie s  on th e  s ta r tin g  tim e and  r a te s  of an tib o d y  fo rm ation  i t  w ould 
b e  d e s ira b le  to  s ta r t  th e  a n tih a em a g g lu tin in  t i t r a t io n s  a t  ev en  low er 
serum  d i lu t io n s .  H ow ever, th e  m ask ing  of sm all q u a n tit ie s  of 
an tib o d y  by n o n -s p e c if ic  in h ib ito rs  on th e  one hand  and  the
8d e s i r a b i l i ty  of conse rv ing  serum  for fu r ther s e ro lo g ic a l  and 
the rm odynam ic  s tu d ie s  ru le s  ou t th is  p o s s ib i l i ty .  As a c o n se q u e n c e ,  
th e  true  s ta r t in g  tim es  of an tibody  form ation  may be m asked  and  the 
i n i t i a l  o b se rv ed  ra te s  may be  u n d e re s t im a te d ,  s in c e  in som e c a s e s  
the  r a te  of p roduction  may h av e  becom e com parab le  to  the  ra te  of 
e l im in a t io n  by the  tim e the  b a s e l in e  w as  p a s s e d .
In trav en o u s  A d m in is tra t io n .
S ing le  i n j e c t i o n s . W ith  th e  la rg e  d o se  of a n t ig e n  u sed  
in  th i s  s e r i e s  of exper im en ts  an tibody  a g a in s t  MEL and SW w as 
f i r s t  d e te c te d  around the  sec o n d  day  a f te r  v a c c in a t io n  when an tig e n  
w as  a d m in is te red  in  aq u eo u s  s u s p e n s io n ;  a g a in s t  LEE i t  w as abou t 
th e  fif th  d a y .  There may be a m arked d e lay  in  s ta r t in g  tim e when 
the  sam e d o se  of an tig en  is  ad m in is te red  in  a d ju v a n t .  W ith MEL 
su ch  a d e lay  is  not o b se rv ed  and  the  r e s p o n s e  s ta r t s  a s  a f te r  
s t im u la t io n  w ith  a n tig en  in aq u eo u s  s u s p e n s io n ,  bu t SW h a s  a 15 
d ay * s  lag p h a se  and  LEE d o es  not s t im u la te  m e asu rab le  a n t i -  
h a em ag g lu tin in  production  during the  prim ary r e s p o n s e .
The r a te s  of an tibody  production  a re  h ig h e r  when an tig en  
i s  a d m in is te red  in aq u eo u s  s u s p e n s io n  than  in a d ju v a n t .  The 
r a t e s  in  aq u eo u s  s u s p e n s io n  a re  0 .1 7 ,  0 .1 8  and  0 .0 3  log^Q u m ts  
per day  for MEL, SW and LEE, or a doubling  tim e of 1 .7 6  , 1 . 6 6 ,
9or 10 d ay s  r e s p e c t iv e ly .  The co rre sp o n d in g  f ig u res  a f te r  
a d ju v a n t - v a c c in e  are  0 .1 2 ,  0 .0 2  and  0 .0 0  l o g ^  u n i ts  per d a y ,  
or doubling  t im es  of 2 .5  and 15 d ay s  for MEL and SW, and LEE 
d o e s  no t re sp o n d  a t  a l l .
The m aximal an tibody  le v e l s  a t ta in e d  a f te r  s im ple  
v a c c in a t io n  a re  id e n t ic a l  for MEL arid SW , w hile  LEE i s  ten  tim es 
lo w er .  After a d ju v a n t -v a c c in e  the  le v e l s  re a c h e d  by MEL are  
s im ila r  to  th o s e  rea ch e d  a f te r  s im ple  v a c c in a t io n ,  bu t LEE and 
SW s t im u la te  th e  p roduction  of l i t t l e  or no an tib o d y  during the  
primary r e s p o n s e .
M u lt ip le  i n j e c t i o n s . Antibody w as f i r s t  d e te c te d  2-5  
d ay s  a f te r  primary s t im u la t io n  a s  a f te r  s in g le  in je c t io n s  in  aqueous  
s u s p e n s io n ;  bu t once  ag a in  a d ju v an t  v a c c in a t io n  fa i le d  to 
in i t i a t e  an tib o d y  form ation for e i th e r  LEE or SW. The la ck  of 
d e te c ta b le  an tih aem a g g lu t in in  r e s p o n s e s  in  t h e s e  groups is  q u ite  
su rp r is in g  for the  ad ju v an t  d o s e  w as fo llow ed  by 5 in trav en o u s  
d o s e s  of a n t ig e n .  The a b s e n c e  of d e te c ta b le  an tibody  s u g g e s ts  a 
s u p p re s s io n  of the  an tibody  forming m ech an ism  and pe rhaps  the  
in i t ia t io n  of som e o ther type  of r e s p o n s e .
The ra te  of an tibody  p roduction  is  s ig n if ic a n t ly  h igher
th an  w ith  s in g le  d o s e s  of a n t ig e n ,  g iv in g  doubling  t im es  of 1 .38
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1 .5 0  and  3 .7 6  days  r e s p e c t iv e ly  for MEL, SW and LEE a n t ig e n s  
in aq u eo u s  s u s p e n s io n .  A djuvant v a c c in a t io n  g iv e s  a doubling 
tim e of 2 .8 3  d ay s  for MEL, and  is  s im ila r  to  th e  ra te  of an tibody  
form ation  a f te r  a s in g le  d o s e  of an tig e n  in  a d ju v a n t .
The maximal an tib o d y  produced  w ith  s im ple  v a c c in e s  w as 
in  a l l  c a s e s  h igher th an  w ith  s in g le  d o s e s  of a n t ig e n ,  the  
d if fe ren ce  be ing  s e v e n - fo ld  for MEL, n in e - fo ld  for LEE and tw o -fo ld  
for SW. Adjuvant v a c c in a t io n  w ith  MEL in d u c e s  le v e ls  of an tibody  
com parab le  to  th o se  o b ta in e d  w ith  a s in g le  a d ju v a ted  d o s e ,  w hile  
LEE and SW in i t i a te  no d e te c ta b le  an t ib o d y .
In trap e r i to n e a l  A d m in is tra tion .
On the  w hole an  in t r a p e r i to n e a l  in o c u la t io n  of an tig en  
p roduces  abou t h a lf  a s  much an tib o d y  a s  th e  in trav en o u s  route  
(60% w ith  MEL, 59% w ith  LEE and 47% w ith  SW). These  d if fe ren c es  
a re  more s tr ik ing  when s im p le  and a d ju v an t  v a c c in e s  a re  c o m p ared .
S ing le  in je c t io n s .  The d e la y  in  the  a p p e a ra n c e  of an tibody  
is  2-3  days  for MEL and 5 -6  d ay s  for LEE or SW follow ing s im ple  
v a c c in a t io n .  In a l l  c a s e s  th e  u s e  of a d ju v an ts  in c r e a s e s  th is  
d e la y  being  5 -6  days  for MEL, 20-22  days  for SW, w hile  no 
d e te c ta b le  an tibody  is  formed w ith  LEE a n t ig e n .
The r a te s  of p roduc tion  a re  a l l  s ig n if ic a n t ly  low er than
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a f te r  in tr a v e n o u s  v a c c in a t io n ,  g iv ing  doubling  t im es  of 5 , 15, 
and  43 d ay s  for MEL, LEE and SW r e s p e c t iv e ly ,  a f te r  s im ple  
v a c c in a t io n .  Adjuvant v a c c in a t io n  do u b les  th is  ra te  for MEL 
and SW , LEE giving no an tibody  r e s p o n s e  a t  a l l .
A d ju v a n t-v a cc in a t io n  in d u c e s  ten  t im es  h igher le v e ls  
of an tib o d y  th an  d o es  s im ple  v a c c in a t io n  when MEL is  u s e d  a s  
a n t ig e n ,  w h ile  the  r e v e rse  i s  true  w ith LEE and SW. These  
a n t ig e n s  in d u c e  l i t t l e  or no a n tib o d y  when g iv en  in  a d ju v a n t ,  
bu t g iv e  d e te c ta b le  le v e l s  in  a q u eo u s  s u s p e n s io n .
M u lt ip le  i n j e c t io n s .  In th e  c a s e  of MEL, the  s ta r t in g  
t im es  of an tib o d y  form ation a re  s im ila r  a f te r  a q u eo u s  or w a te r - in -  
o il  s u s p e n s i o n s ,  w hile  the  o the r  a n t ig e n s  are  c h a ra c te r iz e d  by 
hav ing  long in d u c t iv e  p h a s e s ,  e s p e c ia l l y  a f te r  ad ju v an t  v a c c in a t io n .
The ra te s  of an tibody  form ation a re  s ig n if ic a n t ly  h igher for 
MEL and  SW (1 .61  and 2 . 69  d ay s  doubling  t im e ) , w hile  the  ra te  with 
LEE is  com parab le  to  s in g le  in je c t io n s  in  a q u eo u s  s u s p e n s io n .  
Adjuvant v a c c in e s  g ive  r a te s  th a t  a re  in every  way com parab le  to 
th o s e  w ith  s in g le  d o s e s  of a n t ig e n  in a d ju v a n t .
The maximum an tibody  le v e l s  a re  s ig n if ic a n t ly  h igher than  
w ith  s in g le  d o s e s ,  and in th e  c a s e  of MEL th e  le v e l  is  com parab le  
w ith  in trav e n o u s  in o c u la t io n  for e i th e r  s im ple  or ad ju v an t  v a c c in a ­
t i o n .  SW v iru s  g iv e s  one h a l f  and  LEE v iru s  only  one e ig h th  of
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th e  m axim al le v e l s  in d u ced  by th e s e  v i ru s e s  ad m in is te red  by 
the  in tr a v e n o u s  ro u te .  D e te c ta b le  an tibody  is  not formed when 
LEE and  SW a n t ig e n s  a re  in o c u la te d  in  a d ju v a n t .
S u b c u tan eo u s  A d m in is tra t io n .
C om pared  w ith  th e  o v e ra l l  m ean of the  in trav en o u s  
s c h e d u le s  , th is  rou te  of v a c c in a t io n  s t im u la te s  abou t one th ird  
a s  much an tih aem a g g lu t in in  o n ly ,  (20% for MEL, 47% for LEE and 
33% for S W ). W ith th e  e x ce p tio n  of MEL, the  an tibody  re s p o n se  
is  poor.
S ing le  i n je c t io n s .  The s ta r t in g  tim e for an tibody  to  
MEL a n t ig e n  is  b e tw een  5 and 6 d a y s , bu t for LEE and SW i t  
v a r ie s  from 5 to  40 days  and th en  is  on ly  j u s t  d e te c ta b le  above  
the  b a s e l in e  of n o n - s p e c i f ic  in h ib i t io n .
The ra te  of an tibody  form ation  is  lo w , w ith  an a v e rag e  
doubling  tim e of 20 days  for a l l  s t r a in s  of an tig en ;  a ju v a ted  
MEL, h o w e v er ,  g iv e s  a doubling  tim e of 3 d a y s ,  w hile  s im ple  
in o c u la t io n  w ith  LEE g iv e s  no d e te c ta b le  a n t ib o d y .
The maxim al le v e l s  of an tibody  formed are  low  or not 
d e t e c t a b l e , pe rhaps  s l ig h t ly  and  i r r eg u la r ly  im proved a f te r  
ad ju v an t  v a c c in e s .
M u lt ip le  i n j e c t io n s .  The o n s e t  of an tibody  form ation is
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s im ila r  to  the  g roups  re c e iv in g  single in je c t io n s  of v a c c in e ;  the  
d e la y e d  re s p o n s e  to  LEE by b o th  s c h e d u l e s , and  to  SW in  
a d ju v an t  i s  a g a in  a p p a r e n t .
The ra te  of an tibody  form ation  is  much h ig h e r ,  g iv ing  a 
doubling  tim e of abou t 2-8  d ay s  for MEL s t im u la te d  by e i th e r  
s c h e d u le  and for SW following s im ple  v a c c in a t io n .  A juvated 
SW and LEE by e i th e r  s ch e d u le  e l i c i t  no an tibody  form ation in the  
prim ary r e s p o n s e .
The an tibody  le v e ls  a re  much h igher in  th o s e  groups th a t  
do re sp o n d  and  are  com parab le  to the  le v e l s  o b ta in ed  by the  
in tr a p e r i to n e a l  ro u te .  Simple v a c c in a t io n  w ith MEL being  the 
ex ce p t io n  w here  the  m axim al le v e l s  a re  e ig h t t im es  low er.
The A nam nestic  R esponse
For the  r e a s o n s  a l re ad y  m entioned  in the  f i r s t  p a p e r ,  
v i z .  , the  r e la t iv e ly  la rge  d o s e  of a n t ig e n  and the  short in te rv a l  
of time b e tw een  the  s ec o n d a ry  and te r t ia ry  s t im u lu s , th e  anam ­
n e s t i c  r e s p o n s e s  w ill  be c o n s id e re d  to g e th e r .
The number of t re a tm e n t-g ro u p s  show ing a n e g a t iv e  p h a se  
on seco n d a ry  s t im u la t io n  is  m in im al,  and show s no c o rre la t io n  
w ith  t re a tm e n ts .  In f a c t ,  th e  drop in t i t r e  in  m ost g roups fa l ls
w ith in  the  e x p ec te d  s t a t i s t i c a l  v a r ia t io n .
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The d if f ic u l t ie s  a l re a d y  m en tioned  in f i t t ing  s t ra ig h t  l in e s  
to  th e  in i t i a l ly  d e te c ta b le  r is in g  s e c t io n s  of the  an tibody  r e s p o n s e s  
a re  more a c u te  in  the  s e c o n d a ry  and  te r t ia ry  r e s p o n s e s .  All l in e s  
e x t ra p o la te  to  po in ts  in  tim e p reced in g  the  b o o s te r  in je c t io n  so  th a t  
the  s ta r t in g  t im es  canno t be d e te rm in e d .  I t  a l s o  fo llow s th a t  the  
s lo p e s  w il l  p robably  be u n d e re s t im a te d ,  and the  a ssu m p tio n  of an  
e x p o n e n t ia l  a n a m n e s t ic  r e s p o n s e  ren d e red  u n te n a b le .
In trav en o u s  A d m in is tra t io n .
S ing le  i n j e c t i o n s . From F igures  1-3  i t  c an  be s ee n  th a t  
the  a n a m n e s t ic  r e s p o n se  b e g in s  b e tw ee n  the  seco n d  and th ird  day 
a f te r  s t im u la t io n .
The av erag e  r a te s  of an tib o d y  p roduction  a re  s ig n if ic a n t ly  
h igher  th an  in  th e  primary r e s p o n s e ,  c h ie f ly  b e c a u s e  a l l  t r e a tm e n t-  
g roups a re  now  show ing the  p roduc tion  of a n t ib o d y .  The doubling 
t im es  for g roups re c e iv in g  s im ple  v a c c in e s  w ere 1 . 0 ,  1 . 4  and 2 . 1  
d ay s  for MEL,  LEE and SW, r e s p e c t iv e ly ,  w h ile  th o s e  for the  
c o rre sp o n d in g  groups re c e iv in g  a d ju v an t  v a c c in e s  w ere 2 . 5 ,  1 . 2 ,  
and  1 . 2  d a y s .  The r a te s  in  th o s e  g roups  n o t m asked  by h igh  le v e l s  
of primary an tibody  show  sh o r te r  doubling  t im e s .  In th e  te r t ia ry  
r e s p o n s e  the  r a te s  of an tibody  production  a re  lo w , and in  many
in s ta n c e s  do not d iffer  from zero .
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The maximum le v e ls  of an tib o d y  a t ta in e d  a re  the  sam e by 
e i th e r  s ch e d u le ;  SW in  a d ju v an t  be ing  the  only  e x c e p t io n ,  and is  
10 t im es  low er than  th e  group re c e iv in g  s im p le  v a c c in e .  The 
maximum le v e l s  a re  com parab le  for MEL and SW, w hile  LEE i s  10 
t im es  lo w er .  W ith s im ple  v a c c in e s  th e  maximum le v e ls  a re  8 tim es 
above  th o se  in  the  prim ary , w h ile  th o s e  g roups show ing no an tibody  
in  the  prim ary r e s p o n se  sh o w , of c o u r s e ,  much la rg e r  i n c r e a s e s .
The te r t ia ry  maxima show  no in c r e a s e  over th e  s e c o n d a ry ,  and in 
m ost c a s e s ,  the  le v e l s  a re  e i th e r  id e n t ic a l  or low er.
M u lt ip le  in j e c t io n s .  The s ta r t in g  t im es  and  r a te s  of 
an tib o d y  p roduction  are  not s ig n i f ic a n t ly  d if fe ren t  from th o se  
re c e iv in g  s in g le  d o s e s .  The g roups  th a t  have  re c e iv e d  ad ju v an t  
v a c c in e s  and  re sp o n d ed  w ith  no  d e te c ta b le  an tibody  p rim ari ly , once  
a g a in  show  h igher r a t e s .  The r a t e s  a f te r  te r t ia ry  s t im u la t io n  are  
low  and se rv e  only  to  re tu rn  th e  le v e l s  of an tib o d y  to  th o s e  o b se rv ed  
in  th e  seco n d a ry  r e s p o n s e .
The maximum le v e ls  of an tib o d y  a t ta in e d  a re  on th e  a v e rag e  
no t d iffe ren t from th o s e  g roups  re c e iv in g  s in g le  d o s e s . The low er 
t i t r e s  o b ta in ed  with SW in  a d ju v a n t  a re  once  more e v id e n t ,  and 
su p p o rts  the  v iew  th a t  an tib o d y  r e s p o n s e  to th is  a n tig en  is  
s u p p re s s e d  by the  in i t ia l  s e n s i t i z in g  s t im u lu s  . The te r t ia ry  maxima
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a re  uniform ly b e low  the  le v e l s  o b ta in ed  in  the  s e c o n d a ry ,  do 
no t d iffer acco rd ing  to s c h e d u l e s , and  ap p ea r  to  have  re a c h e d  the  
upper l im its  of p roduc tion .
In tra p e r i to n e a l  A dm in is tra tion .
S ing le  i n j e c t i o n s . The d e lay  in  a p p e a ra n c e  of an tibody  
a f te r  sec o n d a ry  s t im u la t io n  i s  uniform ly 2 d a y s ,  but the  ra te s  vary  
w ith  s t r a in s  and s c h e d u le s  and  depend  on the  le v e ls  of primary 
a n t ib o d y .  Those tre a tm e n t-g ro u p s  w ith  low  le v e l s  of primary a n t i ­
body have  h igh  r a te s  and  v ic e  v e r s a .  Simple v a c c in a t io n  g av e  
doubling  t im es  of 1 . 1 ,  2 . 1 ,  and  1 . 2  d a y s ,  w hile  a d ju v an t  v a c c in a ­
tion  g av e  doubling  t im es  of 3 . 6 ,  2 . 1  , and  1.1 days  r e s p e c t iv e ly  
for MEL, LEE and SW. The r a te s  in  the  te r t ia ry  r e s p o n se  are  qu ite  
v a r ia b le  bu t a re  lower than  the  seco n d a ry  r a te s  , and se rv e  only to  
re tu rn  the  le v e l s  of an tibody  to  th o s e  of the  s ec o n d a ry  m axim a.
The maximum an tib o d y  t i t r e s  a re  on th e  a v e rag e  10 t im es  
h igher than  the  co rrespond ing  primary l e v e l s ,  but are  b e lo w  the  
a n a m n e s t ic  le v e l s  r e a c h e d  a f te r  in trav en o u s  a d m in is t ra t io n .  
Adjuvant v a c c in a t io n  g iv e s  h igher  l e v e l s  than  s im ple  v a c c in a t io n  
for MEL and SW a n t ig e n s ,  w h ile  the  c a s e  of LEE i s  e q u iv o c a l .  The 
t re a tm e n t-g ro u p s  showing th e  g r e a te s t  in c re a s e  in  an tib o d y  le v e ls  
a re  th o se  w ith  low  primary l e v e l s . Tertiary  s t im u la t io n  in aqueous
s u sp e n s io n  c a u s e d  a tw o -fo ld  in c r e a s e  over th e  seco n d a ry  an tibody
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l e v e l  in th e  c a s e  of SW; o ther t re a tm e n t-g ro u p s  show  no in c re a s e  
a t  a l l .
M u lt ip le  i n j e c t i o n s . The d e la y  a f te r  s ec o n d a ry  s t im u la ­
t io n ,  be fo re  new  le v e ls  of an tib o d y  a re  d e te c te d ,  is  uniformly 2-3  
d a y s  and th e re  is  no d iffe ren ce  b e tw e e n  s im p le  and w a te r - in - o i l  
v a c c in e s  . The r a te s  of an tib o d y  p roduc tion  on te r t ia ry  s t im u la t io n  
a re  n e g l ig ib le  for MEL and SW a n t ig e n s ,  w h ile  LEE an t ig e n  c a u s e s  
a doub ling  of an tibody  le v e ls  in  3 and  1 .9  d ay s  r e s p e c t iv e ly  a f te r  
s im ple  and ad ju v an t  v a c c in a t io n .
The maximal le v e ls  of an tib o d y  com pare favourab ly  with 
th e  groups rec e iv in g  v a c c in e s  by th e  in trav e n o u s  rou te  in  the  c a s e  
of MEL w hile  SW and LEE a n t ig e n s  e l i c i t  m axim al t i t r e s  th a t  are  on 
th e  a v e rag e  four t im es  lo w er .  Tertiary  s t im u la t io n  le a d s  to  minimal 
in c r e a s e  in  an tibody  le v e ls  in  the  t re a tm e n t-g ro u p s  of LEE and SW 
th a t  re c e iv e d  the  in i t ia l  d o se  of a n t ig e n  in a d ju v a n t .  This in c re a s e  
i s  abou t 1 . 5 - fo ld  and r e s t s  on the  e x c e p t io n a l  r e s p o n se  of one ra b b i t ,  
S ub cu tan eo u s  A d m in is tra t io n .
S ing le  in je c t io n s .  A lthough th e  s ta r t in g  t im es  of an tibody  
form ation a re  no t d iffe ren t from o ther g r o u p s , th e  ra te s  and the  
m axim al le v e l s  a t ta in e d  are  ve ry  lo w . This i s  p a r t ic u la r ly  s tr ik ing  
in  th o s e  g roups of an im als  re c e iv in g  LEE or SW a n t ig e n s  in e i th e r
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a q u eo u s  or w a te r - in - o i l  s u s p e n s i o n s , w here  a poor primary 
r e s p o n s e  i s  fo llow ed  by an e q u a l ly  poor sec o n d a ry  and te r t ia ry  
r e s p o n s e .
The maximal le v e ls  of a n a m n e s t ic a l ly  p roduced  an tibody  
a re  no t d if fe ren t  a f te r  s im ple  or ad ju v an t  v a c c in a t io n , e x c e p t  in 
th e  c a s e  of MEL, w here the  a ju v a te d  group a t ta in s  a h igher  f in a l  
l e v e l .  The av e rag e  le v e l s  a re  the  lo w e s t  a f te r  th e s e  t re a tm en ts  
(8 and  21% of th e  peak a t ta in e d  in th e  co rre sp o n d in g  groups a f te r  
in tr a v e n o u s  or in tr a p e r i to n e a l  v a c c in a t io n  w ith MEL, 23 and 40% 
w ith  LEE, 7 and 12% w ith SW ), w ith  no s ig n if ic a n t  im provem ent on 
te r t ia ry  s t im u la t io n .
M u lt ip le  i n j e c t i o n s . The ra te  of an tibody  production  is  
h ig h e r  in  th e s e  g ro u p s ,  com pared to  th e  r e s p o n s e  a f te r  s in g le  
i n j e c t i o n s ,  e s p e c ia l l y  w here  no primary r e s p o n se  w as d e te c ta b le .  
H o w ev er ,  on the  a v e rag e  they  are  s t i l l  b e lo w  the  r a te s  ob ta in ed  
a f te r  in trav e n o u s  or in t r a p e r i to n e a l  a d m in is t r a t io n .  Tertiary  
s t im u la t io n  r e s u l t s  in d e te c ta b ly  h ig h e r  r a te s  only  in  th e  SW- 
ad ju v an t  g ro u p , and th is  u n u su a l ly  h igh  ra te  i s  c a u s e d  by a 
s in g le  a n im a l .
The le v e ls  of an tibody  a t ta in e d  in  th e s e  g roups a re  a t
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l e a s t  tw ic e  a s  h igh  a s  in the  co rrespond ing  groups a f te r  s in g le  
i n j e c t i o n s ,  bu t s t i l l  app rox im ate ly  e ig h t  t im es  poorer than  a fte r  
th e  o th e r  ro u te s  of in o c u la t io n ,  in a l l  c a s e s .  The maxima 
o b ta in e d  w ith  a ju v a te d  SW and LEE v a c c in e s  a re  low er than  
in  the  co rre spond ing  groups re c e iv in g  s im p le  v a c c in e s .  Tertiary 
in c r e a s e s  do not occu r e x ce p t  in  the  S W -ad ju v an t  group and  th is  
i s  c a u s e d  by the  e x c e p t io n a l  r e s p o n s e  of one ra b b i t  in  the  g roup .
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Paper VIII
THE IMMUNE RESPONSE TO INFLUENZA VIRUS . II I . EFFECT 
OF ROUTE AND TIME SCHEDULE OF VACCINATION ON COMPLEMENT­
FIXING ANTIBODIES
SUMMARY
The com plem ent f ix a t io n  t e s t  a g a in s t  the  v irus  an tig en  
w as em ployed  a s  the  th ird  s e ro lo g ic a l  p rocedure  for fo llowing the  
an tib o d y  r e s p o n s e  of the  ra b b i t  to  th ree  s t ra in s  of in f lu en z a  v irus  
(MEL, LEE and SW ). After th e  la rge  a n t ig e n ic  d o se  u s e d ,  an tibody  
is  f i r s t  d e te c ta b le  b e tw ee n  th e  s e c o n d  and th ird  days  fo llowing 
primary or sec o n d a ry  s t im u la t io n .  A dm inis tra tion  of the  sam e 
d o s e s  a s  a w a te r - in - o i l  em u ls io n  in c re a s e d  the  lag  p h a se  to 
b e tw een  5 and  20 d ay s  for LEE and SW a n t ig e n s .
In t re a tm e n t-g ro u p s  g iv ing  h igh  le v e l s  of primary an tibody  
the  o b se rv ed  r a te s  of an tibody  production  a re  not s ig n if ic a n t ly  
d iffe ren t a f te r  primary or s ec o n d a ry  s t im u la t io n .  The o ther 
t re a tm e n t-g ro u p s  show  a 3 -4  fold  in c r e a s e  on sec o n d a ry  s t im u la ­
t i o n , w hich  is  pa rtly  due to  u n d e re s t im a tio n  of primary r a t e s .
The o v e ra l l  i n c r e a s e  from primary to  a n a m n e s t ic  le v e ls  of 
an tibody  w as r e la t iv e ly  s m a l l ,  be ing  on the  av e rag e  2 .5  fo ld ,  and 
w as  d e p en d en t  on th e  s c h e d u le  of v a c c in a t io n .  The maximal 
le v e l s  of an tibody  vary  w ith  ro u te ,  in trav e n o u s  be ing  s l ig h t ly  
su p er io r  to  in t r a p e r i to n e a l  and  much su p e r io r  to  th e  su b cu ta n e o u s
r o u t e .
2M u ltip le  in je c t io n s  of a n tig en  in  aq u eo u s  s u s p e n s io n  
s t im u la te  th e  h ig h e s t  le v e l s  of primary a n t ib o d y ,  bu t the  
d i f f e r e n c e s  b e tw ee n  s c h e d u le s  is  much sm a l le r  a f te r  s eco n d ary  
s t im u la t io n .  O nce a g a in ,  th e  v i ru s e s  c an  be  o rdered  a s  MEL, 
SW , LEE in  d e sc e n d in g  o rder of im m u n o g e n ic i ty . With the  high 
d o s e s  of a n t ig e n  u sed  in th e s e  ex per im en ts  , te r t ia ry  s t im u la t io n  
d o e s  not im prove on the  s ec o n d a ry  le v e l s  of a n t ib o d y .
INTRODUCTION
The a s s a y  of a n t ib o d ie s  by e i th e r  n e u t ra l iz a t io n  or by 
h a e m a g g lu t in a t io n - in h ib i t io n  e v a lu a te s  th e ir  e f f ic ie n cy  in term s 
of a th i rd ,  th e  in d ic a to r  com ponent of th e  s y s te m .  The e ff ic ie n cy  
of an  an tise ru m  in p reven ting  e i th e r  the  in fe c t io n  or the  a g g lu t in a ­
t io n  of s u s c e p t ib le  c e l l s  r e s t s  a s  much on the  qu an tity  a s  on the  
q u a l i ty  of i t s  an tibody  p o p u la t io n .  U n like  th e s e  co m p etit iv e  t e s t s ,  
com plem ent f ix a t io n  o ccu rs  in  a sy s te m  w here th e  equilib rium  b e t ­
w een  a n t ig e n ic  s i t e s  and a n t ib o d ie s  i s  u n in f lu en c ed  by any  o ther 
com ponent of th e  s y s te m .  The d ep le t io n  of com plem ent (or, more 
p r e c i s e ly ,  of a f rac t io n  of th e  com plem ent-com plex) s e rv e s  only  
a s  a m easu re  of the  num ber of a n t ig e n -a n t ib o d y  u n io n s .
3From th e  law  of M a s s  A ction , w hich  governs  th is  
i n t e r a c t i o n , i t  can  be p re d ic ted  th a t  a t  c o n c e n tra t io n s  of the  
r e a c t a n t s  b e low  the  va lu e  of th e  equ ilib rium  c o n s ta n t  the  
p o s i t io n  of the  equ ilib rium  w il l  d epend  both  on th e  c o n ce n tra t io n s  
an d  on th e  equ ilib rium  c o n s t a n t .  This m eans th a t  com plem ent 
f ix a t io n  t i t r e s  a re  a fu n c tio n  of both  th e  q u an ti ty  and q u a l i ty  of 
a n t ib o d ie s .  H ow ever , p r a c t ic a l  a s s a y s  are  c o n d u c ted  a t  su ch  
le v e l s  of v iru s  th a t  the  c o n c e n tra t io n  of a n t ig e n ic  s i t e s  w ill 
e x c e e d  th e  v a lu e  of th e  equ ilib rium  c o n s ta n t  (F azekas  de S t .G ro th ,  
1962). In th is  reg ion  the  v a lu e  of the  equ ilib rium  c o n s ta n t  becom es 
n e g l ig ib le  com pared  to  th e  o th e r  p a ram ete rs  of the  r e a c t io n ,  and  the  
ou tcom e of t e s t s  w ill  d epend  e s s e n t i a l l y  on the  q u an t i ty  of a n t i ­
b o d ie s  o n ly .
Such a s im ple  r e la t io n s h ip  c an  be e x p ec te d  to hold  over 
p ra c t ic a l ly  th e  w hole range  of t e s t s  rep o rted  in  th is  s tu d y .  
Q u a n t i ta t iv e  equ ilib rium  m e asu rem en ts  on th is  sy s tem  
(F azekas  de S t .G ro th  and W e b s te r ,  1961; F a z e k a s  de S t .G ro th ,
1961; F a z e k a s  de S t .G ro th  and  W e b s te r ,  1962b) in d ic a te d  th a t  
th e  c o n c e n tra t io n s  of a n t ig e n ic  s i t e s ,  a s  em ployed in  com plem ent 
f ix a t io n  t e s t s  , a re  about an  order of m agn itude  above  the  r e s p e c t iv e  
equ ilib rium  c o n s ta n ts  of hyperim m une se ra  a g a in s t  a l l  th ree  s t ra in s
4of v iru s  em p lo y ed . S im ilar c o n c lu s io n s  c an  be  drawn a l s o  from 
q u a l i t a t iv e  t e s t s  (F azekas  de S t .G ro th  and W e b s te r ,  1962a) , 
w here  the  t ra n s i t io n  from q u a l i ty -d e p e n d e n c e  to  q u a n t i ty -  
d e p e n d e n c e  h a s  b e en  d em o n s tra ted  by s e v e ra l  in d e p en d e n t  m ethods ,
C o m p lica t io n s  are  to  be  e x p ec te d  only  w hen working w ith 
a n t ib o d ie s  of poor q u a l i ty  ( i . e .  , of h igh  equilibrium  c o n s ta n t s ) ,  
or on poorly c ro s s  rea c t in g  h e te ro lo g o u s  s y s te m s .  S itu a tio n s  of 
th is  k ind  h av e  b een  o b se rv ed  by com paring q u a n t i ta t iv e  p re ­
c ip i ta t io n  and com plem ent f ix a t io n  d a ta  (O sier and H e id e lb e rg e r ,  
1948a, 1948b; W a l la c e ,  O s ie r  and  M ay e r ,  195 0; O s ie r  and H i l l ,  
1955; H il l  and O s ie r ,  1955).
The m a te r ia ls  and m ethods u s e d  in  th is  s tudy  have  b een  
fu lly  d e sc r ib e d  in  the  f i r s t  paper of th e  s e r i e s ,  and  a sy n o p s is  of 
th e  ex p er im en ta l  d e s ig n  can  be found in  Table 1 of th a t  p a p e r .
EXPERIMENTAL
To e lim in a te  v a r ia t io n s  due to  op e ra to rs  and r e a g e n t s , 
a l l  the  se ra  from the  one rab b it  im m unized  w ith  one a n t ig e n  were 
a s s a y e d  on the  sam e d a y .  The t i t r e s  a re  once  ag a in  e x p re s s e d  in
term s of 1 .0  ml volum es .
5S ta t i s t i c a l  c o m p ar iso n s  of m axim al an tib o d y  le v e l s  and 
r a te s  of p roduc tion  w ere ca r r ie d  out by a n a ly s e s  of v a r ia n c e  and 
c o v a r ia n c e ,  a s  in  th e  f i r s t  two p a p e r s .  The e s t im a te  of m aximal 
le v e l s  of an tib o d y  had  a s tan d a rd  d e v ia t io n  of ± 0 .068  for MEL, 
± 0 .095  for LEE, and ± 0 .088  for SW an d  th e ir  r e s p e c t iv e  a n t ib o d ie s .  
The a c c u ra c y  of the  r a te s  of an tib o d y  p roduction  w as  ± 0 .005  for 
MEL,± 0 .0 0 4  for LEE and±0.007 for SW, in  log^g u n i ts  per d a y .
The m ean an tibody  t i t r e s  of th e  12 t re a tm e n t-g ro u p s  are  
p re se n te d  in  F igures  1 , 2 , 3 ,  th e  c u rv e s  be ing  f i t ted  by e y e .
T ab les  1 and 2 g iv e  a summary of the  main s t a t i s t i c a l  r e s u l t s .
Figure 1 
Figure 2 
Figure 3 
Table 1
Table 2
FIGURE 1.
The an tibody  re s p o n se  of ra b b i ts  to  a Type A in f lu en z a  
v iru s  (MEL) , a s  m easured  by com plem ent f ix a t io n .
Antibody t i t r e s  are  e x p re s s e d  in  l o g ^  u n i ts  per 1.0 ml 
v o lum es  of se ru m . Each po in t r e p re s e n ts  th e  g eom etr ic  mean 
t i t r e  of a group of th ree  r a b b i t s .
S c h e d u le s  of v a cc in a t io n :
Group I: Aqueous v a c c in e  on d ay s  0 , 40 and  6 0 , by the
ro u te  in d ic a te d  on the  f ig u r e s .
Group II: Aqueous v a c c in e  on d a y s  0 , 2 , 4 ,  7 , 9 ,  11 as
primary s t im u lu s ,  on days  4 0 ,  4 2 ,  44 a s  s ec o n d a ry  and on days 
6 0 , 62 , 64 a s  te r t ia ry  s t im u lu s .
Group III: V accine  in  in co m p le te  Freund*s ad ju v an t  in t r a ­
m u scu la r ly  on day  0 , aqu eo u s  v a c c in e  on d ay s  40 and  60 , by the  
ro u te s  in d ic a te d  on the  f i g u r e s .
Group IV: V accine  in  in co m p le te  F re u n d ' s ad ju v an t  in t r a ­
m u scu la r ly  on day 0 , fo llow ed  by aq u eo u s  v a c c in e  on d ay s  2 , 4 ,
7,  9,  11 a s  primary s t im u lu s ,  by th e  ro u te s  in d ic a te d  on th e  f ig u re s .  
The sec o n d a ry  and te r t ia ry  c o u r s e s  of v a c c in a t io n  were the  sam e as  
for the  co rre spond ing  s u b - s e t s  of Group II .
Each inoculum  of v a c c in e  c o n ta in e d  5 ,0 0 0  h a em a g g lu t in -  
a t in g  u n i ts  of v iru s  (approx im ate ly  101 1 p a r t i c l e s , or 0 .0 6  mg).
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FIGURE 2 . The an tibody  r e s p o n s e  of rab b its  to  a Type B
in f lu en z a  v iru s  (LEE), a s  m easu red  by com plem ent f ix a t io n .
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FIGURE 3 . The an tibody  r e s p o n s e  of ra b b i ts  to  sw ine  in f lu en za
v iru s  (SW), a s  m easu red  by com plem ent f ix a t io n .
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TABLE I
The ra te  of com plem ent  f ixing  an t ibody  product ion
Vaccina t ing Schedu le Primary R esponse Secondary  R esponse Tertiary R esponse
s t ra in of
of a d m in i s - in t r a - i n t r a - s u b - in t r a - i n t r a - s u b - i n t r a - i n t r a - s u b -
virus t ra t ion ven o u s p e r i to n e a l c u t a n e o u s venous p e r i to n e a l c u tan e o u s v e n o u s pe r i to n ea l c u ta n e o u s
Group I 0 .0 6 0 .07 0 .0 7 0.15 0 .2 0 0 .15 0 .0 0 0 .0 0 0 .0 6
MEL Group II 0 .1 7 0 .1 2 0 .11 0 .17 0 .2 3 0 .01 0 .0 0 0 .01 0 .07Group III 0 .15 0 .0 3 0 .05 0 .13 0 .0 3 0 .05 0 .0 0 0 .0 0 0 .0 0
Group IV 0 .0 9 0 .1 0 0 .0 6 I0.08 0 .1 7 0 .0 4 0 .0 0 0 .0 0 0 .0 0
Group I 0 .01 0 .05 0 .0 3 l0 .24 0 .1 8 0 .1 2 0 .05 0 .0 2 . 0 . 1 9
LEE Group II 0 .1 0 0 .08 0 .05 i0.13 0 .1 0 0 .18 0 .01 0 .0 7  . 0 .0 8Group III 0 .0 4 0 .0 2 0 .0 3 l0.16 0 .1 0 0 .01 0 .01 0 .0 6 0 .0 0
Group IV 0 .0 3 0 .0 4 0 .0 3 I0.17 0 .0 9 0 .0 6 0 .01 0 .05 0 .0 3
Group I 0 .11 0 .0 3 0 .0 3 l0.11 0 .0 9 0 .03 0 .0 0 0 .0 9 0 .0 0
SW Group II 0 .1 4 0 .0 9 0 .1 0 l0.10 0 .21 0 .04 0 .01 0 .0 0 0 .01Group III 0 .0 6 0 .0 3 0 .01 10.15 0 .1 8 0 .0 4 0 .01 0 .0 0 0 .0 0
Group IV 0 .0 3 0 .01 0 .0 3 I0.18 0 .1 1 0 .0 7 0 .0 0 0 .0 3 0 .05
The r a t e s ,  in log^g i n c r e m e n t / d a y , a re  the  mean v a lu e s  of a group of th re e  rab b i t s  and  a re  b a s e d
on a t  l e a s t  th ree  b l e e d s  e a c h  over  a span  of a t  l e a s t  6 d a y s .
TABLE II
Maximum le v e l s  of com plem ent  f ixing an t ibody
Vaccina t ing S chedu le Primary R esponse Secondary  R esponse Tertiary  R esponse
s t ra in of
of Adminis- i n t r a - i n t r a - s u b - int ra i n t r a - s u b - i n t r a - i n t r a - s u b -
virus t ra t ion venous p e r i to n e a l c u tan e o u s venous p e r i to n ea l cu tan e o u s v e n o u s p e r i tonea l c u ta n e o u s
Group I 3 .3 0 2 .5 0 2 .4 0 3 . 90 3 .25 2 .95 3 .7 0 3 .1 3 3 .1 3
MEL Group II 3 .7 2 3 .0 2 3 .4 8 3 . 82 3 .8 8 3 .35
3 .6 0 3 .8 9 3 .3 9
Group III 3 .3 8 3 .5 1 3 .41 3. 90 3 .81 3 .4 9 3 .6 9 3 .8 4 3 .4 0
Group IV 3 .5 0 3 .4 5 3 .3 2 3 . 95 3 .9 3 3 .4 8 3 .9 6 3 .91 3 .3 7
Group I 2 .79 2 .5 4 2 .1 7 3 . 15 3 .05 2 .65 3 .2 5 2 .9 3 2 .6 4
LEE Group II 3 .1 8 3 .0 9 2 .45 3 . 55 3 .2 3 3 .08
3 .5 2 3 .5 0 3 .1 4
Group III 2 .67 2 .7 6 2 .8 0 3 . 36 3 .0 9 2 .9 6 3 .2 3 3 .1 4 2 .8 6
Group IV 2 .7 3 2 .8 4 2 .68 3 . 60 3 .2 9 3 .0 5 3 .6 1 3 .4 4 2 .9 7
Group I 3 .61 2 .6 7 2 .7 3 4 . 00 2 .91 2 .95 3 .8 3 3 .2 6 3 .1 2
SW Group II 3 .8 9 3 .3 3 3 .3 9 3 . 96
4 . 0 0 3 .1 7 4 . 0 0 3 .8 3  . 3 .4 2
Group III 2 .9 0 2 .8 8 2 .6 0 3 . 50 3 .4 7 2 .7 0 3 .4 9 3 .35 2 .9 0
Group IV 2 .9 4 2 .9 5 2 .9 3 3 . 69 3 .55 3 .2 3 3 .5 7 3 .55 3 .61
The t i t r e s , in l o g ^  u n i t s / m l ,  are  the  geom et r ic  mean  of a group of th re e  r a b b i t s  
t e s t e d  over  a span  of a t  l e a s t  10 d a y s .
6DISCUSSION
In th e  a n a ly s e s  of v a r ia n c e  and  c o v a r ia n c e  th e  g e n e tic  
v a r ia tio n  b e tw ee n  ra b b its  w as e lim in a te d  from a l l  co m p ariso n s  by 
pooling  th e  e rro r sum of sq u a re s  w ith  a l l  th e  in te ra c t io n  sum s of 
sq u a re s  c o n ta in in g  d iffe re n c e s  b e tw een  ra b b its  a s  f a c to r s .  As a 
r e s u l t  th e  erro r v a r ia n c e  w as in c re a s e d  by  a fa c to r  of 1 0 .5 3  in  
e v a lu a tio n  of m axim al le v e ls  of an tib o d y  p roduced  and  by 1 .8 6  in  
com paring  th e  r a te s  of com plem ent fix ing  an tib o d y  p ro d u c tio n .
The in c re a s e s  in  e rro r v a r ia n c e ,  in  p a r tic u la r  th e  h igh  in c rem en t 
for in te r - r a b b i t  v a r ia tio n  in  le v e ls  of an tib o d y  p ro d u ced , i s  in  
k eep in g  w ith  th e  r e s u l ts  o b ta in e d  by a n tih a em a g g lu tin in  t e s t s .
Both of th e s e  te c h n iq u e s  g iv e  a m easu re  of th e  q u a n tity  of an tib o d y  
p re s e n t in  a se ru m , and  the  sm a lle r  v a r ia n c e s  c h a ra c te r iz in g  the  
b eh av io u r of n e u tra liz in g  a n tib o d ie s  show  th a t ,  on th e  a v e ra g e , 
q u a lity  m ust m ake up for la c k  of q u a n tity  w hen se ra  w as a s s a y e d  
for n e u tra liz in g  p o te n c y . The g re a t s im ila r ity  of in te r - r a b b i t  
v a r ia tio n  w hen r a te s  of an tib o d y  p ro d u c tio n  a re  com pared  by th e  
th re e  s e ro lo g ic a l te c h n iq u e s ,  m akes th e  ab ove  f ig u re s  ev en  more 
m e a n in g fu l.
The s ig n if ic a n c e  of v a r ia n c e  ra t io s  due to  the  m ain
7c o n t r a s t s  w as  m a in ta in ed  ev en  a f te r  ev a lu a t in g  them a g a in s t  
the  in c r e a s e d  error term c o n ta in in g  th e  h ig h e r  in te ra c t io n s  a s  w ell 
a s  the  r e p l ic a t io n  v a r ia n c e .
The Primary R esponse
All t i t r a t io n s  were s ta r te d  a t  a serum d ilu t io n  of 1 :20 , 
bu t ev en  a t  th is  le v e l  many p r e -v a c c in a t io n  se ra  f ixed  com plem ent 
in th e  p re s e n c e  of in f lu en za  v iru s  a n t ig e n s ,  som e g iv ing  5 0% f ix a ­
tion  ev en  w hen d ilu te d  1 :100 . The prim ary r e s p o n se  c an  th e re fo re  
only  be  fo llow ed  over a na rro w er  ran g e  th an  by the  o the r  tw o m ethods 
of a s s a y .  This background  w ill  no t in f lu en c e  e s t im a te s  of the  m ax i­
mal an tib o d y  le v e l s  bu t w ill  m ask  the  tru e  s ta r t in g  t im es  and may 
f la t te n  th e  s lo p e  of the  r e s p o n s e .  As a r e s u l t  th e  s ta r t in g  t im es  of 
an tibody  form ation  have  b e en  read  off th e  f ig u res  a s  c a lc u la t io n s  
from th e  s lo p e s  and in te rc e p ts  would h av e  in tro d u ced  s y s te m a t ic  
b ia s  under the  g u is e  of o b je c t iv e  a s s e s s m e n t .
In trav en o u s  A d m in is tra t io n .
S ing le  i n j e c t i o n s . W ith  the  r e la t iv e ly  la rge  d o s e  of 
a n tig en  u s e d  in  th e s e  ex per im en ts  an tib o d y  w as f i r s t  d e te c ta b le  
above  the  b a s e l in e  for a l l  s t r a in s  b e tw ee n  the  seco n d  and th ird  
day  a f te r  primary s t im u la t io n .  This h o ld s  g e n e ra l ly  for aqueous
8v a c c in e s ;  for w a te r - in - o i l  v a c c in e s  th e  lag p h a se  is  
s ig n i f ic a n t ly  lo n g e r ,  la s t in g  from 5 to  10 d a y s .
The ra te s  of an tibody  form ation are  lo w , 0 .0 6 ,  0 .0 1 ,  
and  0 .11  log^Q u n i ts  per day  or doubling  t im es  of 5 ,  30 , and 2 .7  
d a y s  r e s p e c t iv e ly ,  for MEL, LEE and SW in  aq u eo u s  s u s p e n s i o n s .  
The co rre spond ing  f igu res  for a d ju v a n t  v a c c in e s  are  0 .1 5 ,  0 .0 4 ,  
and  0 .0 6  log^g u n i ts  or doub ling  t im es  of 2 . 0 ,  7 . 5  and 5 days  
r e s p e c t iv e ly .  All th e s e  v a lu e s  a re  minimum e s t i m a te s ,  due to 
the  h igh  b a s e l i n e s .
The maximal le v e l s  of an tib o d y  a t ta in e d  a re  id e n t ic a l  
a f te r  s im ple  or a d ju v an t  v a c c in a t io n  for LEE and MEL, in sp i te  of 
th e  d iffe ren t ra te s  and  s ta r t in g  t im e s .  H o w ev er ,  the  maximum 
w ith  SW a n t ig e n ,  a t ta in e d  a f te r  s im ple  v a c c in a t io n  i s  s ig n if ic a n t ly  
h ig h e r  th an  a f te r  ad ju v an t  v a c c in a t io n ,  the  d if fe ren ce  be ing  four­
fo ld .
M u ltip le  i n j e c t io n s .  The d e la y s  b e tw ee n  primary s t im u ­
la t io n  and in i t i a l  d e te c t io n  of an tib o d y  above  the  b a s e l in e  le v e ls  
a re  the  sam e as  in the  t r e a tm e n t-g ro u p s  rec e iv in g  s in g le  d o s e s  of 
a n t ig e n .  Adjuvant v a c c in a t io n  o n ce  a g a in  c a u s e s  a marked d e lay  
in  a p p e a ra n c e  of d e te c ta b le  an tib o d y  w ith  LEE and SW a n t i g e n s ,
even  when the  primary s t im u la t in g  d o se  i s  fo llow ed  a t  tw o -d a i ly
9in te rv a ls  w ith  in trav en o u s  in je c t io n s  of a n t ig e n s .  This m ust m ean 
th a t  th e  in i t i a l  in tram u sc u la r  d o se  of a n t ig e n  in  a d ju v an t  in  some 
w ay d e p r e s s e s  the  p roduction  of c i rc u la t in g  a n t ib o d y .
The r a te s  of an tibody  p ro duc tion  a re  som ew hat h igher 
a f te r  m u ltip le  d o s e s  of an t ig e n  in  a q u eo u s  s u s p e n s io n  , th e  doubling 
t im e s  be ing  1 . 8 ,  3 . 0 7 and 2 . 1  d a y s  for MEL, LEE and SW r e s p e c t ­
iv e ly .  After ad ju v an t  v a c c in a t io n  th e  r a te s  a re  no t s ig n if ic a n t ly  
d if fe ren t  from the  com panion g roups  re c e iv in g  s in g le  d o s e s  of 
a n t i g e n .
The maximum an tibody  le v e l s  a re  uniform ly h igher  a f te r  
m u ltip le  d o s e s  of a n t ig e n ,  th e  d if fe ren c e  be ing  2 .6 - f o ld  for MEL, 
2 .5 - f o ld  for LEE and 1 .9 - f o ld  for SW . On the  o ther h a n d ,  ad ju v an t  
v a c c in e s  do no t s t im u la te  s ig n i f ic a n t ly  h ig h e r  le v e l s  of an tibody  
a f te r  m ultip le  b o o s te r  d o s e s , ev en  though  th e  la t te r  w ere  adm in­
i s te r e d  w ithou t a d ju v a n t .
In trap e r i to n e a l  A dm in is tra tion .
On the  w h o le ,  a d o se  of v a c c in e  g iv en  in t r a p e r i to n e a l ly  
p roduces  abou t two th ird s  a s  much an tib o d y  a s  th e  sam e d o se  g iven  
in tr a v e n o u s ly  (43% w ith  MEL, 95% w ith  LEE, and  42% w ith  SW ). The 
d if f e re n c e s  a re  m ost s tr ik ing  b e tw ee n  s c h e d u le s  th a t  em ploy aq u eo u s
or w a te r - in - o i l  s u sp e n s io n s  of a n t ig e n s ;  th e  former s t im u la te  much
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low er le v e l s  of an tibody  by th is  ro u te  w h ile  th e  la t te r  g iv e  le v e ls  
co m parab le  to  th o s e  a c h ie v e d  a f te r  in trav e n o u s  v a c c in a t io n .
S ingle  in je c t io n s .  The s ta r t in g  t im es  of an tibody  form a­
tion  c an n o t be  e s t im a te d  a c c u ra te ly  from th e  f igu res  , bu t  they  do 
no t seem  to  d iffer g re a t ly  from th o s e  a f te r  in trav e n o u s  s t im u la t io n .  
A djuvated LEE and SW a n t ig e n s  once  ag a in  show  the  d e lay e d  
in i t ia t io n  of d e te c ta b le  a n t ib o d y .
The ra te  of an tibody  p roduc tion  i s  lo w , g iv ing  a doubling 
tim e of the  o rder of 10 days  for bo th  s im ple  and  a d ju v an t  v a c c in a ­
tio n  .
The maximum le v e ls  of an tib o d y  a t ta in e d  a re  h igher  a f te r  
ad ju v an t  v a c c in a t io n ,  e s p e c ia l l y  w ith  MEL a n t ig e n ,  w hile  a f te r  
s im ple  v a c c in a t io n  a l l  s t r a in s  of a n t ig e n  e l i c i t  id e n t ic a l  t i t r e s  , 
be ing  abou t e ig h t  t im es  b e low  th e  co rre sp o n d in g  in trav en o u s  
t r e a tm e n t -g ro u p s .
M u ltip le  i n j e c t i o n s .  S ta rt ing  t im es  a re  not d iffe ren t 
from the  p rev ious  t r e a tm e n t -g ro u p s ,  a l th o u g h  the  d e lay  w ith  LEE 
and SW a n t ig e n s  a f te r  primary a d ju v an t  s t im u la t io n  i s ,  if  an y th in g ,  
la rge r  th an  a f te r  a s in g le  d o se  of a n t ig e n .
The r a te s  of an tibody  p roduc tion  a re  s l ig h t ly  h igher than  
a f te r  s in g le  d o s e s ,  g iv ing  doub ling  t im es  of ab o u t 3 d a y s ,  when 
an tig e n s  are  g iven  in aq u eo u s  s u s p e n s io n .  This i s  a l s o  true  for
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MEL a n t ig e n  g iven  as  w a te r - in - o i l  s u sp e n s io n ;  LEE and SW 
a n t ig e n s  in  ad ju v an t  g ive  r a te s  th a t  a re  no t s ig n if ic a n t ly  d iffe ren t 
from the  g roups  rec e iv in g  s in g le  d o s e s  of a n t ig e n .
The maximum le v e ls  of an tibody  a t ta in e d  a f te r  s im ple  
v a c c in a t io n  a re  h igher  th an  in the  groups re c e iv in g  s in g le  d o se s  
bu t a re  s t i l l  tw ofold  b e lo w  the  le v e l s  r e a c h e d  a f te r  in trav en o u s  
in o c u la t io n .  The a d ju v a ted  v a c c in e s  s t im u la te  an tibody  production  
to  le v e l s  th a t  a re  not d if fe ren t  from th e  r e s p o n s e  to  s in g le  d o s e s  o r ,  
in  f a c t ,  from the  le v e l s  r e a c h e d  by the  a d ju v a te d  in trav en o u s  g ro u p s .  
S u b cu tan eo u s  A dm in is tra tion .
C om pared  w ith  th e  a v e rag e  r e s p o n s e  ta k en  over a l l  trea tm en t-  
g roups  by the  in trav en o u s  ro u te ,  the  r e s p o n s e  to  su b cu ta n e o u s  
v a c c in e s  is  s l ig h t ly  l e s s  th an  h a lf  a s  much (47% for MEL, 49% for 
LEE and 37% for SW ). O nce a g a in ,  th e re  a re  m ajor d if fe ren c es  
b e tw ee n  a q u eo u s  and  w a te r - in - o i l  v a c c in e s .
S ing le  i n j e c t i o n s .  Both the  s ta r t in g  tim es  of an tibody  
form ation and the  r a te s  of production  do n o t d iffe r  from the  c o r r e s ­
ponding g roups a f te r  in t r a p e r i to n e a l  v a c c in a t io n .  The doubling  time 
for an tibody  i s ,  on the  a v e r a g e ,  10 days  and  the  d if f e re n c e s  b e tw een  
s im ple  or ad ju v an t  v a c c in a t io n  are  in s ig n i f ic a n t .
The m aximal le v e l s  of an tibody  a re  low er a f te r  s im ple
th an  a f te r  a d ju v an t  v a c c in a t io n ,  the  e x c e p t io n  be ing  SW a n tig en
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w here  the  sam e maxim al le v e l s  a re  r e a c h e d  a f te r  e i th e r  s c h e d u le .  
The s c a t t e r  w ith in  th e s e  g roups i s  so  g re a t  and  th e  le v e l s  a t ta in e d  
so  low  th a t  the  o b se rv a t io n s  h av e  l i t t l e  v a lu e  in  th e m s e lv e s ,  and 
are  p re s e n te d  m ain ly  for co m parison  w ith  th e  r e s u l t s  o b ta in ed  by 
th e  o th e r  two s e ro lo g ic a l  te c h n iq u e s  on th e  sam e s e r a .
M u lt ip le  i n j e c t i o n s . The r a te s  of an tibody  p roduction  are  
only  s l ig h t ly  f a s te r  than  a f te r  s in g le  d o s e s  of v a c c in e  and are  com­
p a ra b le  w ith  the  in t r a p e r i to n e a l  r a t e s . The h igher  r a te s  w ith  s im ple  
v a c c in e s  a re  once  ag a in  e v id e n t .
Simple v a c c in a t io n  in d u c e s  le v e l s  of an tibody  in th o se  
t re a tm e n t-g ro u p s  th a t  are  s ig n i f ic a n t ly  h ig h e r  th an  in  the  groups 
re c e iv in g  s in g le  d o s e s  of v a c c in e  (1 0 .2 - fo ld  for MEL, 1 .9 - fo ld  
for LEE and  4 .5 - f o ld  for SW) . On the  a v e r a g e ,  th e s e  le v e l s  are  
co m p arab le  to  th o s e  o b ta in ed  by th e  in t r a p e r i to n e a l  ro u te ,  a s  are  
th e  le v e l s  a f te r  ad ju v an t  v a c c in a t io n .
The A nam nestic  R esp o n se
The s ec o n d a ry  r e s p o n s e s  a re  c h a r a c te r iz e d  by a t ta in m en t 
of m axim al le v e l s  of an tibody  th a t  a re  no t im proved upon by te r t ia ry  
s t im u la t io n .  The a b so lu te  l e v e l s  of a n tib o d y  are  m ain ly  d ep en d en t 
on rou te  and l e s s  so  on the  s c h e d u le  of a d m in is t r a t io n ,  and
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th e re fo re  do no t a l l  r e a c h  th e  sam e  le v e l  a f te r  te r t ia ry  s t im u la t io n .  
The re la t iv e ly  la rge  d o se  of a n t ig e n  u s e d  for a n a m n e s t ic  s t im u la ­
t i o n ,  and  th e  sho rt  in te rv a l  (20 days) b e tw ee n  seco n d a ry  and 
te r t ia ry  s t im u la t io n  probably  a c c o u n ts  for th e  la ck  of s ig n if ic a n t  
c h a n g e s  in  an tibody  t i t r e  b e tw een  d a y s  60 and 75 . For th e s e  
r e a s o n s ,  the  tw o s e t s  of o b se rv a t io n s  w ill  be d i s c u s s e d  to g e th e r .
There is  no d e te c ta b le  n e g a t iv e  p h a se  on s ec o n d a ry  s t im ­
u la t io n ,  s u g g e s t in g  t h a t ,  w hen p r e s e n t ,  th is  phenom enon is  no t 
c a u s e d  by a s ig n i f ic a n t  drop in  th e  q u a n t i ty  of an tib o d y .  As the  
com plem ent fix ing t i t r e  of a serum  is  la rg e ly  a m easu re  of the  
num ber of an tib o d y  m o lecu les  p r e s e n t ,  the  n eg a t iv e  p h a se  as  
o b se rv ed  by o ther s e ro lo g ic a l  te c h n iq u e s  m ust r e s t  on c h an g e s  in 
q u a l i t y .
The true  s ta r t in g  t im es  of an tib o d y  form ation and the  r a te s  
of form ation a re  once  ag a in  o b scu red  by the  high le v e l s  of primary 
a n t ib o d y ,  bu t e s t im a te s  of th e  m axim al le v e l s  a t ta in e d  are  not 
a f f e c te d .
In trav en o u s  A d m in is tra t io n .
S ing le  i n je c t io n s .  Judged by the  f i r s t  d e te c ta b le  in c r e a s e  
above  th e  prim ary le v e l s  , th e  a n a m n e s t ic  r e s p o n s e  becom es  
m e asu ra b le  b e tw een  th e  seco n d  and  th ird  day  a f te r  s t im u la t io n .
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I r r e s p e c t iv e  of the  p rev ious h is to ry  of th e  a n im a ls  , th e  m easu red  
r a t e s  a re  c h a r a c te r iz e d  by a doubling  tim e of the  order of 2 d a y s .  
The te r t ia ry  r e s p o n se  in  th e s e  g roups  is  ha rd ly  n o t ic e a b le  and the  
r a t e s  do no t d iffer s ig n if ic a n t ly  from zero .
The maxim al le v e ls  of an tibody  a t ta in e d  are  com parab le  
for s im ple  and  a d ju v an t  v a c c in e s  and  are  c o n s i s t e n t ly  h ighe r  than  
th e  prim ary m axim a. The d if fe ren c e  is  on th e  a v e rag e  fo u r-fo ld  
for the  th re e  s t ra in s  of a n t ig e n ,  and  rem ains  th e  sam e a f te r  te r t ia ry  
s t im u la t io n .
M u lt ip le  i n j e c t i o n s .  The s ta r t in g  t im es  a re  not d iffe ren t 
from the  g roups  re c e iv in g  s in g le  d o s e s  of v a c c in e ,  be ing  of the  
o rder of tw o to  th ree  d a y s .
The doubling  t im es  for an tibody  a re  ag a in  app rox im ate ly  
two d ay s  for s im ple  or a d ju v an t  v a c c in e s  , and a re  s ig n if ic a n t ly  
h ig h e r  than  a f te r  s in g le  d o s e s .  Tertiary  s t im u la t io n  r e s u l t s  in 
r a te s  of an tib o d y  p roduction  th a t  a re  d e te c ta b ly  d if fe ren t  from 
z e r o .
The le v e l s  of an tib o d y  produced  a re  a s  h igh  a s  c a n  be 
a t ta in e d  by any of the  m ethods t r ied  and a re  on the  av e rag e  2 .8  
t im es  a s  h igh  a s  the  primary l e v e l s .  The d if f e re n c e s  b e tw een
sim ple  and ad ju v an t  v a c c in e s  a re  minim al and  in f a c t ,  i t  can  be
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g e n e ra l ly  s ta t e d  th a t  th e  d if f e re n c e s  c h a ra c te r iz in g  the  primary 
r e s p o n s e s  h av e  d is a p p e a re d  and th e  s e c o n d a ry  and  te r t ia ry  
r e s p o n s e s  of the  t re a tm e n t-g ro u p s  a re  q u i te  co m p arab le .  
In t r a p e r i to n e a l  A dm in is tra tion .
S ing le  i n j e c t i o n s . The d e te c ta b le  r a te s  of an tibody  
form ation  a re  in  g e n e ra l  r e la te d  to  the  le v e l s  of an tibody  a t ta in e d  
in  the  prim ary re sp o n se :  the  low er the  primary l e v e l ,  th e  h igher 
th e  s e c o n d a ry  r a t e .  There a re  som e e x c e p t io n s  to  th is  ru le ,  
a r is in g  la rg e ly  from in te r - r a b b i t  v a r ia t io n .  One su ch  i s  the  c a s e  
of LEE a n t ig e n  in  a d ju v a n t ,  w here  a poor primary re s p o n se  is  
fo llow ed  by a poor s e c o n d a ry .  These  g roups  in  fa c t  g iv e  a 
m e asu ra b le  r a te  of an tibody  production  on te r t ia ry  s t im u la t io n .
Sim ple v a c c in e s  e l i c i t  th e  p roduc tion  of low er le v e ls  of 
an tib o d y  th an  do a d ju v a te d  v a c c i n e s .  The le v e l s  a t ta in e d  w ith 
w a te r - in - o i l  a n t ig e n s  are  com parab le  w ith  th o s e  a f te r  in trav en o u s  
v a c c in a t io n .  Tertiary  s t im u la t io n  c a u s e s  an  in c r e a s e  in  maximal 
le v e ls  only  in  th o s e  g roups th a t  show  a poor primary and  seco n d ary  
re s p o n s e  (SW in aq u eo u s  s u s p e n s io n  and to  a l e s s e r  e x te n t ,  LEE 
in  ad juvan t) ;  in  the  o the r  g roups  the  s e c o n d a ry  le v e l s  are  m ain­
ta in e d  only  over the  w hole  period  from day  40 to  80.
M u ltip le  i n j e c t i o n s . The d e la y  in an tibody  in c re a s e
above  th e  primary le v e l s  is  once  a g a in  tw o to  th ree  d ay s  and does
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not d iffe r  w ith  an tig e n  or t re a tm e n t .
The r a te s  of an tibody  production  a re  no t s ig n if ic a n t ly  
d if fe ren t  from the  g roups  rece iv in g  s in g le  d o s e s  of a n t ig e n ,  or 
from th e  com panion  groups rece iv in g  in trav e n o u s  d o s e s  of a n t ig e n .  
The doubling  time is  on the  a v e rag e  2 d a y s ,  be ing  abou t 2 .5  t im es  
f a s te r  th an  th e  primary r a te s  in  th e se  g ro u p s .
The an tibody  le v e l s  a t ta in e d  a re  no t d if fe ren t  for s im ple  
or ad ju v an t  v a c c in e s  and are  uniformly h ighe r  than  a f te r  s in g le  
d o s e s  of v a c c in e  in aq u eo u s  s u s p e n s io n .  The le v e l s  a re  com parab le  
w ith  th o s e  o b ta in e d  a f te r  s in g le  d o s e s  of a n t ig e n  in ad ju v an t  or for 
th a t  m a t te r  a f te r  in trav en o u s  a d m in is t ra t io n .  Tertiary  s t im u la t io n  
d o es  no t in c r e a s e  the  le v e l s  of an tib o d y ,  bu t s e rv e s  only  to  re tu rn  
i t  to  w hat i s  a p p a ren t ly  the  maximum the  an im a ls  can  p ro d u ce .  
S u b cu tan eo u s  A d m in is tra t io n .
S ing le  i n je c t io n s .  The r a te s  of an tib o d y  p roduction  are  
the  lo w e s t  a f te r  su b cu ta n e o u s  in je c t io n s ,  for a l l  t r e a tm e n ts .  Even 
though primary le v e ls  of an tibody  are  lo w , th e  r a te s  of a n am n e s t ic  
production  rem ain  b e lo w  th o se  o bse rved  a f te r  th e  o ther two ro u te s  
of in o c u la t io n .
This i s  l e s s  s tr ik ing  a f te r  s im ple  v a c c in a t io n  w ith  MEL
and LEE w here  the  doubling tim e com pares  favourab ly  w ith  o ther
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r o u te s ,  b u t  i s  ev id en t  in a l l  o ther t r e a tm e n t -g ro u p s .  Tertiary  
s t im u la t io n  s e rv e s  only  to  re tu rn  the  le v e l s  of an tibody  to th o se  
a t ta in e d  a f te r  seco n d a ry  s t im u la t io n ,  a t  r a te s  not very  far from 
z e ro .
The maximum le v e ls  a re  th e  lo w e s t  o b t a in e d , and are  on 
th e  a v e r a g e ,  fo u r-fo ld  b e lo w  th o s e  a f te r  in trav en o u s  or in t r a -  
p e r i to n e a l  v a c c in a t io n .  A djuvated a n t ig e n s  g iv e  tw ice  a s  h igh 
t i t r e s  w ith  MEL and LEE, the  c a s e  of SW v iru s  is  e q u iv o c a l .
T ertia ry  s t im u la t io n  d o es  not im prove th e  le v e l s  a t t a in e d .
M u ltip le  in j e c t io n s .  The r a te s  of an tibody  p roduction  are  
no t s ig n i f ic a n t ly  a l te re d  by m ultip le  i n j e c t i o n s ,  and like  many of 
the  a n a m n e s t ic  r e s p o n s e s ,  a re  p robably  m ask ed  by the  h igh primary 
an tib o d y  l e v e l s .  Tertiary  s t im u la t io n  r e s u l t s  in  a d e te c ta b le  ra te  
of in c r e a s e  in  the  a d ju v an t-S W  group bu t th is  i s  due to  the  
e x c e p t io n a l  r e a c t io n  of a s in g le  ra b b i t  in  the  g ro u p .
The le v e l s  of an tibody  are  in  g e n e ra l  tw o -fo ld  above  the  
g roups  re c e iv in g  a s in g le  d o se  of a n t ig e n  by th is  ro u te ,  and th e re  
i s  nc  d if fe ren ce  b e tw een  the  le v e l s  a t t a in e d  w ith  s im ple  or 
a d ju v an t  v a c c i n e s .  H ow ever , the  a b s o lu te  l e v e l s  a re  s t i l l  w ell 
b e lo w  th o s e  re a c h e d  a f te r  v a c c in a t io n  by th e  in trav en o u s  or in t r a -
p e r i to n e a l  r o u te s .  The only t re a tm e n t-g ro u p  shoving an  in c re a s e d
18
le v e l  on te r t ia ry  s t im u la t io n  is  th e  a d ju v a te d  SW gro u p , and  
th i s  i s  due to  a s in g le  an im al in  the  g roup .
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CONCLUSIONS AND GENERAL DISCUSSION.
CONCLUSIONS AND GENERAL DISCUSSION,
Having defined the quality of antibody as the equilibrium 
constant characterizing its combination with antigen, and thus 
having opted for interpreting immunological phenomena in terms of 
the law of mass action, the first part of these studies was concerned 
entirely with showing that the working hypothesis rested on valid 
premises* Since the law of mass action is essentially a formal 
statement of the thermodynamics of reversible reactions in a closed 
system, these tests sought to demonstrate an equilibrium between 
influenza viruses and their antibodies, and then examine whether 
changes in the concentrations of the reactants (or in "their active 
masses"', in the words of Guldberg and Waage) would bring about such 
changes as are predictable from the mass action law*
The first paper, on the qualitative aspects of virus-antibody 
equilibria, demonstrates by several independent methods that the 
interaction which leads to the neutralization of the infective 
particle can be fully interpreted as a reversible union of antibody 
with multiple antigenic sites on the virus* This paper also shows 
that at initial concentrations of reactants well above the equilib­
rium constant, the reaction will appear as if it were irreversible 
(irreversible reactions being the limiting case of the mass action 
law), while at concentrations below the equilibrium constant, the 
reaction is obviously reversible* The influence of non-infectious 
virus is examined and found to be in accordance with what can be
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predicted from the basic model. Artificially created heterogeneity 
in systems of antigen and antibody were also examined: antigenic
heterogeneity greatly affected the reaction, while heterogeneity of 
antibody simply shifted the position of the dose-response curve, 
without significantly altering its shape.
As the basic tenets of the mass action model were found to 
be satisfied by the experimental evidence, it was decided to put the 
model to quantitative use by measurement of all parameters entering 
the reaction. However, before this could be attempted, it was 
necessary both to devise methods for separation of components of the 
reaction, and also a method or methods for measuring the absolute 
quantity of reactants.
Equilibrium filtration was found to be a very satisfactory 
method for separating free antibody from the reaction mixture. The 
results obtained are the same after equilibrium filtration or equi­
librium centrifugation, and the former has the advantage that the 
whole process of separation can be completed within two minutes. The 
possible disadvantages of using an open system have been examined 
experimentally and shown not to influence the equilibrium attained.
The second prerequisite for measuring parameters, i.e. the 
measurement of absolute quantities of reactants at very low concen­
trations was approached in the case of antibody, in two papers. The 
first of these, on the labelling of antibody with radioactive tracers 
shows that these methods can be applied to the system without loss 
of serological activity. The second paper, on the staining of serum
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proteins with two new dyes, shows that this also is a potential 
method for estimating the concentration of antibody in absolute 
terns. Virus particles, of course, can be estimated by one of the 
conventional methods, already available at the beginning of this 
study.
The parameters of interest in the influenza virus-antibody 
system are the number of antigenic sites on the virus, and the 
equilibrium constant. These were measured both in binary and ternary 
systems. The results show that the number of antigenic sites on a 
particular virus particle is the same whether the determinations were 
made in a binary (equilibrium filtration or equilibrium centrifuging) 
or ternary system (neutralization tests)• However, estimates of the 
quality of antibody varied with the type of system used.
The constancy of the number of antigenic sites shows that 
the model of influenza virus-antibody interaction is not contradicted 
and that the methods employed in this system should be applicable to 
the broader problems of immunology. The values obtained for the 
equilibrium constants depend on the system used, provided the system 
is heterogeneous with respect to either the antigenic or antibody 
population. In this case neutralization tests will measure predom­
inantly the best quality antibody present, while binaiy systems and 
the antihaemagglutinin test will give a broader measure of quality. 
Since such discrepancies between the tests were consistently noted, 
the results furnish further proof for the heterogeneity of antibodies
in all of the sera tested
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The heterogeneity of antibody does not invalidate the appli­
cation of these techniques to the wider problems of immunology, such 
as the production of antibodies* Indeed, it demands that this 
aspect of the problem should never be ignored and, on the lowest 
plane, at least two techniques of assay should be applied even to 
the simplest questions, in order to obtain information both on 
quantity and quality of the antibody response.
A start has been made in this study to build up a large body 
of information in this area. The influence of the route and schedule 
of vaccination was investigated and a binary (complement fixation) 
and two ternary procedures (neutralization and antihaemagglutinin) 
were used to distinguish between quantity and quality of antibody.
The Unitarian theory of antibodies (Zinsser, 1921) is assumed 
to hold for the influenza virus- rabbit antibody system. The ident­
ity of the antigenic areas for neutralizing and antihaemagglutinin 
antibodies has been established by measurements of parameters in this 
system, and the number of sites is so close to the theoretical 
saturation value of the viral surface that this fact itself excludes 
the possibility of two separate or even partly overlapping sets of 
antibodies underlying these two immunological phenomena. The ident­
ity of the antibodies detected by the three serological procedures 
can be further proven by absorption studies on homogeneous antibody 
preparations.
Each of the serological methods employed gives a different 
measure of quality and quantity of antibody. These differences have
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been dealt with in detail in the text and it is only necessary to 
mention them briefly here. The complement fixation test and the 
antihaemagglutinin test give measures largely of the quantity of 
antibody present, while the neutralizing potency measures a compound 
of quality and quantity. Thus the maximum tit res each contain a 
measure of quantity and the differences between the maxima may serve 
as a measure of quality.
The sensitivity of the techniques varies and depends on the 
concentration of reagents used in the tests. Neutralization is the 
most sensitive, followed by complement fixation and antihaemagglut­
inin tests. The findings based on the maximal rates and antibody 
titres in the primary and anamnestic responses are similar. They 
all show that the intravenous route of vaccination is slightly 
better than the intraperitoneal, and much better than the subcut­
aneous route, at eliciting production of antibody. This holds 
without qualification when the vaccine is administered in aqueous 
suspension. For adjuvant vaccines it is generally true, but in 
the primary response - especially in the case of SW and LEE antigens 
- is suppressed by some mechanism. The schedules of vaccination 
have the greatest influence on the primary response and, in general, 
multiple injections are superior to single injections, but neither 
schedule has any influence on the depressive effect initiated by the 
intramuscular injection of antigen in adjuvant. In descending order 
of immunogenic power, as demonstrated by each of the serological 
procedures, the strains are MEL, SW and LEE.
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With the large dose of antigen used, the maximal levels of 
antibody are reached in the secondary response. This maximum is 
not the same for the various groups, and depends on route of inoc­
ulation and to a lesser extent on schedule.
The ratios of the antibody titres as measured by neutraliz­
ation, complement fixation and haemagglutination inhibition are not
} 'ifixed. The figure varies with the route and schedule of vaccination 
and, in general, it can be said that the higher the titre as measured 
by neutralization, the greater is the difference. Since neutraliz­
ation tests are much more sensitive to the quality of antibodies 
than are the other two techniques of assay used in this study, this 
observation is best interpreted as a fairly uniform output of anti­
body as regards quantity (slight variation of, say, complement 
fixation antibody levels), while the quality depends greatly on 
route, schedule and timing of vaccination (wide variation in neutral­
izing maxima, as well as variable neutralizing potency to complement 
fixation ratios)• The differences in antibody levels are most 
clearly seen on secondary stimulation, as here they cannot be attrib­
uted to, or confused by the sensitivity of the tests.
After secondary stimulation, the overall increase in titre 
as measured by neutralization was 6.3-fold, by antihaemagglutinin 
4.2-fold, and by complement fixation 2.5-fold, for the three strains 
of antigen. The extent of this increase varied with route and 
schedule of vaccination, but not with antigen. As measured by 
neutralization, the mean increase for the three strains of virus 
(MEL* LEE and SW) was 5.5, 4.3, 5.6 and 11.0 fold respectively for
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schedules I to IV, while the increase according to route was 9,1- 
fold intravenously, 7.9-fold intraperitoneally and 2.5-fold sub­
cutaneously. As measured by antihaemagglutinin, the increase accord­
ing to schedule was 4.5, 2.6, 3.7, and 7.8 fold respectively for 
schedules I to IV, the routes of inoculation caused increases of 6.0- 
fold intravenously, 5.6-fold intraperitoneally and 2.1-fold subcut­
aneously. Complement fixation, which gives a measure of the absolute 
quantity of antibodies shows increases of 2.8, 2*0, 2.4, and 3.1- 
fold respectively for schedules I to IV, fron the primary to the 
secondary maximal levels of antibody; according to routes, the 
increases were 3.0-fold intravenously, 3.1-fold intraperitoneally, 
and 1.7-fold subcutaneously.
As each technique is measuring the same antibodies, the 
disproportionate increases must be due to a sudden increase in the 
quality of antibodies on secondaiy stimulation. The greatest 
increase in the quality of antibody on secondaiy stimulation is 
observed in the treatment-groups that received an initial injection 
of antigen in adjuvant, followed by multiple injections in aqueous 
suspension, and responded poorly by all criteria in the primary 
response. This holds particularly for SW and LEE antigens, and less 
for MEL. These changes are also dependent on route, and in general, 
they can be ordered intravenous, intraperitoneal and subcutaneous, 
in descending order of efficiency.
The increase in the quality of antibodies on secondaiy 
stimulation is less noticeable in those groups that show high levels 
of primary antibody, where the neutralizing potency to complement
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f ix a t io n  r a t i o  i s  0 .97 loig u n i t s  by the  tw e n tie th  day, and 1,38 
log^Q u n i ts  a f t e r  b o o s tin g . This i s  e s p e c ia l ly  so f o r  aqueous 
v acc ines g iv en  by the in travenous ro u te  when m u ltip le  doses of 
a n tig e n  a re  ad m in is te red , and to  a  l e s s e r  e x te n t a f t e r  m u ltip le  
doses by the  in t r a p e r i to n e a l  ro u te .
Any comprehensive th eo ry  of an tibody  p ro d u c tio n  th e re fo re , 
has to  account f o r  these  f e a tu re s :
(1) The very  sh o r t in d u c tiv e  phase a f t e r  prim ary s tim u la ­
t io n  w ith  aqueous suspensions of v iru s ;
(2) The h igh  ra te s  of prim ary an tib o d y  p ro d u c tio n ;
(3) The d ep ress iv e  a c tio n  of incom plete w a te r - in - o i l  
a d ju v an ts , on an tibody  p ro d u c tio n ;
(4) The in c re a se  in  q u a li ty  of an tibody  on secondary 
s tim u la tio n ;
(5) The a tta in m en t of d i f f e r e n t  maximal le v e ls  of an tibody , 
depending on the  rou te  and schedule of v a c c in a tio n , le v e ls  a re  n o t 
passed a f t e r  t e r t i a r y  s t im u la t io n .
The c u rre n t th e o r ie s  o f an tibody p ro d u c tio n  f a l l  in to  two 
c a te g o r ie s ,  the  in s t r u c t iv e  th eo ry , (B re in l and H aurow itz, 1930; 
A lexander, 1931; Mudd, 1932; P au lin g , 1940) and the s e le c t iv e  th eo ry  
(E h rlic h , 1900; J e m e , 1955; Talmage, 1957; B urnet, 1957; Lederberg, 
1959), In  sim ple te rn s  the  q u e s tio n  i s  w hether the  in fo rm atio n  f o r  
s p e c if ic  an tibody  i s  brought in to  the  an tib o d y  producing c e l l  by the  
a n tig e n  ( in s t r u c t iv e ) ,  o r i s  in h e re n t in  the  c e l l  w a itin g  to  be 
evoked ( s e le c t iv e ) .  The f i r s t  th eo ry  im p lies  th a t  th e  c e l l s  req u ired  
f o r  an tibody  fo rm atio n  a re  a lread y  p re sen t in  s u f f i c i e n t  numbers,
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the second that a clone of cells develops as a result of antigenic 
stimulation.
How do the above observations fit into these two theories?
The early appearance of antibody after initial stimulation 
can be accomodated by either theory, but the very high rate of 
production is difficult to explain by clonal replication of selected 
cells. The doubling time for antibody as detected by neutralization 
is about 5 hours, and this is faster than the most rapid rate of 
replication observed - or, rather, inferred - by Nossal and Mäkelä 
(1962). The discrepancy is sufficient to cast serious doubt on the 
validity of the selective hypothesis in its simplest form. A 
possible improvement in the quality of antibody during the earliest 
phases of production could be invoked to account for the observations, 
but since directional variation of the kind of antibody produced is 
contrary to expectations from both hypotheses, such an interpretation 
would equally weaken both. Indeed, essentially the same conclusions 
can be drawn from the rise in complement fixing antibody titres, and 
since this technique is uninfluenced by the quality of antibody, the 
overall evidence from the primaiy response is compatible with the 
instructive model and contraiy to the selective one.
The depressive action of adjuvant on the starting times, 
rates and maximal levels of primary antibody production, especially 
with SW and LEE antigens, cannot be fitted into either theory. The 
slow release of antigen from the adjuvant depot could be used as an 
explanation in the treatment-groups receiving single doses of anti­
gen in water-in-oil suspensions. However, this could not be said
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f o r  th e  companion group, where th e  in tram u sc u la r  dose of ad ju v an t- 
vacc in e  was fo llow ed by 5 doses o f an tig e n  in  aqueous suspension  a t  
tw o -d a ily  i n te r v a l s .  One can in vo lve  d e lay ed -ty p e  h y p e r s e n s i t iv i ty ,  
o r  im m unological b lo ck ing  in  one form o r a n o th e r  to  ex p la in  th ese  
o b se rv a tio n s  b u t u n t i l  a  la rg e r  body o f d a ta  i s  c o l le c te d ,  and, 
indeed , th e  phenomenon in v e s t ig a te d  in  g r e a te r  dep th , i t  i s  prem ature 
to  e la b o ra te  as much as a  working h y p o th esis  on the  evidence p re s e n t­
ed , which amounts to  no more than  a s ta tem en t of the  problem .
The in c re a se  in  an tibody  le v e ls  on secondaiy  s tim u la tio n  i s  
g e n e ra lly  assumed to  be an in c re a se  in  the  amount o f an tib o d y , b u t 
ou r o b se rv a tio n s  in d ic a te  th a t  th e  in c re a se  i s  e s s e n t ia l ly  in  q u a l i ty .  
The in s t r u c t iv e  h y p o thesis  in  i t s  o r ig in a l  form has no ex p lan a tio n  
f o r  in c re a se d  t i t r e s  in  the  secondary re sp o n se . M o d ifica tio n s  and 
ex ten s io n s  of th is  th e o ry  (Monod, 1959; Pappenheimer, 1957} p o s tu la te  
a  perm ease-lik e  induced mechanism capable o f tra p p in g  an tig en  and 
thus ren d e rin g  the  same number of c e l l s  more e f f e c t iv e  as an tibody  
producers on anam nestic s t im u la t io n . The s e le c t iv e  h ypo thesis  ac­
counts re a d ily  f o r  in c reased  t i t r e s ,  by f u r th e r  p r o l i f e r a t i o n  o f 
the com petent c lones o r ig in a l ly  s tim u la te d  by the prim ary a n tig e n ic  
d o se . H e te ro g en e ity  i s  ex p la in ed  by th e  v a r ia b le  p e rio d  o f tim e 
sp en t on th e  tem pla te  du rin g  secondary and t e r t i a r y  fo ld in g  of th e  
p ep tid e  ch a in  (P au ling  e t  a l . ,  1944b; Karush, 1957, 1958), accord ing  
to  the  in s t r u c t iv e  model, and by the range of c e l l s  d e s tin e d  to  
produce ^ - g lo b u l in s  of v a r ia b le  com plem entariness to  the  s t im u la tin g  
a n tig e n . N e ith e r th eo ry  env isages s h i f t s  in  the  d i s t r ib u t io n  of the 
an tibody  p o p u la tio n , in  f a c t ,  n e i th e r  i s  e l a s t i c  enough to  accomodate
-li­
the observed rapid increase in quality following secondary stimul­
ation.
Differences in the maximal levels of antibody attained by 
the routes and schedules tested, which show no sign of increased 
levels of antibody on further stimulation by the same route, sug­
gests that either the total number of cells has been stimulated 
under these conditions or that the size of the clone is governed by 
the route and schedule of vaccination. The first suggestion could 
fit in with the instructive theory provided seme genetic qualific­
ations are incorporated into it, but there seems to be no reason 
for one clone of cells being larger than another if the same homeo­
static mechanism is supposed to limit their proliferation*
Thus only some of the observations can be fitted into one 
or other theory* The depressive action of adjuvant merits further 
study before its significance can be evaluated in terms of any 
theory of antibody production. The increase in the quality of anti­
body with time is not a new observation, but the sudden, and to all 
appearances, discontinuous increase in quality on secondary stimul­
ation has not been observed before and cannot be fitted into either 
of the above theories without fundamental modifications. There has 
been one hypothesis put forward especially to account for changes in 
quality after repeated vaccination that should be taken into account, 
Najjar and Fisher (1955, 1956) proposed that when antigen and anti­
body combine, the physicochemical stresses expose new antigenic deter­
minants on the antigen to which further antibody could be formed.
After each encounter with antigen a new antigenic determinant is
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exposed until eventually all groupings are exposed and finally anti­
body is formed against structurally altered antibody. This anti­
antibody has been used in a later paper (Najjar and Robinson, 1959) 
to explain immunological paralysis.
However, this hypothesis gives no explanation at all for 
increases in quality of antibodies to single determinant groups, nor 
does it account for the fact that increase in quality can occur 
without increase in quantity, as already demonstrated by Heidelberger 
and Kendall (1935), Thus it can be discounted as offering any 
explanation for the changes in the quality of antibody.
Porter (1955), Humphrey and Porter (1956), and Askonas, 
Humphrey and Porter (1956), on the other hand, have suggested that 
the multiple forms of rabbit antibody are produced in different 
cells in the same organ, and each organ produces a greater or lesser 
quantity of chromatographically distinct antibody. Changes in 
quality are envisaged as changes in the organs producing antibody.
This latter suggestion seems somewhat far-fetched, for their results 
are compatible with lymph nodes and bone marrow producing antibody 
in the earliest stages of immunization, while the spleen becomes an 
important producer as immunization continues. The above observations 
on the high rates and maximal levels of antibody produced after intra­
venous vaccination, and the possible early increase in quality of 
antibody by this route, combined with observations on splenectomy, 
suggest that the spleen, too, can produce antibody early after stim­
ulation, and that this antibody is of high quality.
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Ant igenic heterogeneity can also be used to explain the 
different qualities of antibodies being produced, but there is no 
obvious mechanism by which the quality could change with time or 
upon reinjection of antigen. One could indulge in further specul­
ation and place the onus for different types of antibody on cells 
dealing’ with the antigen before it came in contact with the anti­
body-producing cells proper. If these cells are required to pre- 
treat antigen before antibody can be produced in the plasma cell 
series, as first suggested by Sabin (1939) and recently re­
emphasised by Fishman (1961), the size of the antigenic determin­
ant will depend on the enzymatic degradation inside the macrophage. 
This speculation only shifts the responsibility for differences in 
quality to the macrophage, it does not explain how the macrophage 
learns to send an improved or more complete copy of the deteiminant 
group to the antibody producing cell on secondary stimulation.
The inability to fit the collected data into the selective, 
the instructive, or any of the current minor theories of antibody 
production, and the speculative views on the mechanism for increase 
in quality, simply underscores the need for more data on which a 
consistent and comprehensive theory can be based. The application 
of the quantitative techniques discussed in the first papers, for 
the thermodynamic measurements on antigen- antibody systems, suited 
to work with natural antigens, should supply such data as are sadly 
lacking today.
Advances in our knowledge of basic immune mechanisms have 
certainly been made since the time of Ehrlich, but the mystery of
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antibody foimation still eludes us. The recent great strides in 
the understanding of the regulatory system in the synthesis of 
proteins (Jacob and Monod, 1961) show that impressive progress is 
being made in the case of single cells, and in the study of the 
simpler systems. It is hoped that the control of directed protein 
synthesis in the multicellular organism will also progress apace 
and throw more light on the mechanism of antibody formation.
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